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 Abstract 
Currently, the most common method of optimising organic solar cells is to synthesise new 
materials before fabricating and testing devices under a wide range of processing conditions to 
empirically determine the optimum conditions, with other measurements supporting the explanation. 
This is both a laborious and material intensive process. Simplification of device optimisation 
processes would likely enable devices to be more easily manufactured at a lower cost. In turn, it 
would be expected for organic solar cells to become more accessible to the consumer, decreasing the 
need for fossil fuels. Two approaches to simplifying organic solar cell manufacture were investigated.  
First, a series of triphenylamine (TPA) centred materials were synthesised to act as non-
fullerene acceptors. However, as all four synthesised TPA materials showed comparable opto-
electronic properties which were complimentary to that of common donor P3HT, no distinction 
towards the relative device performance could be made based on these parameters alone.  As bulk 
heterojunction (BHJ) morphology is critical to device performance, differential scanning calorimetry 
(DSC) in conjunction with X-ray diffraction (XRD) provided improved screening capabilities. When 
blended with P3HT at varying concentrations and deposited from solution, the morphological 
differences of the resulting blended films were probed by thermal methods to successfully predict the 
optimum donor:acceptor pair. Application of Flory-Huggins theory and Kyu plots to determine the 
interaction parameter (𝜒𝑐𝑎
0 ) reveal that the materials must be miscible to enable low-energy interfaces, 
while phase separation into pure domains enables charges to be extracted from the device through 
continuous percolation pathways. The donor:acceptor pair with the highest positive value of 𝜒𝑐𝑎
0  
demonstrated a PCE of 2.0% and JSC above 4 mA/cm
2, while the pair with the lowest 𝜒𝑐𝑎
0  value lead 
to poor device performance (<0.4% PCE) due to excessive mixing. DSC methods were also able to 
provide a calculated critical solvation concentration (wcrit); below which the donor and acceptor were 
expected to become immiscible and perform poorly due to limited phase separation and non-ordered 
regimes. Additional insights provided by DSC analysis include the observation of a cold-
crystallisation process; where liquidation upon heating nucleates crystallisation. Typically due to the 
entrapment of disordered phases, the DSC experiment was able to provide insight towards highly 
variable device performance, which otherwise may have been attributed to manufacturing errors.  
Secondly, further simplification of organic solar cells to homojunction (i.e., single component) 
devices was completed. Materials with low exciton binding energies are able to efficiently separate 
into free charge carriers and limit recombination pathways. The binding energy of an exciton is 
dependent on a number of factors, such as that described by the Wannier-Mott construct, which states 
that the exciton binding energy is proportional to the inverse square of the dielectric constant. 
Additionally, according to the Clausius-Mossotti relation, the dielectric constant of a material can be 
 related to its density, with increased density providing a higher dielectric constant. As a result, it is 
expected that increasing the dielectric constant of a material will decrease exciton binding energy, 
reducing the energy losses for exciton separation. Inclusion of ethylene glycol ether chains are known 
to dramatically increase the dielectric constant at low frequency, while maintaining both the optical 
and electronic properties of their alkylated derivatives. Additionally, inclusion of these glycolated 
units has the ability to increase the molecular packing density of the film, enhancing the high (optical) 
frequency dielectric constant, and thus, homojunction device performance. Three glycolated 
materials were synthesised which contained a cyclopentadithiophene core attached to 
benzothiadiazole units, of which, two were functionalised with aldehyde or vinyl dibromide groups. 
At low frequencies, dielectric constants up to ~5 were obtained, however it was demonstrated that the 
dielectric constant at optical frequencies (which has been largely unreported at this time) is most 
influential towards homojunction performance. The device with the highest optical-frequency 
constant (~4), showed an EQE response extending to its optical onset; suggestive of decreased exciton 
binding energy which is also lower than the energy of excitation.  
In conclusion, the study has provided important insights into the processes required to 
streamline organic solar cell manufacture. Predictions towards the ideal donor:acceptor pair by DSC 
methods can minimise time, material and labour costs, while simplifications towards homojunction 
devices can be successfully achieved by increasing the optical frequency dielectric constant of organic 
materials.    
 Declaration by author 
This thesis is composed of my original work, and contains no material previously published or written 
by another person except where due reference has been made in the text. I have clearly stated the 
contribution by others to jointly-authored works that I have included in my thesis. 
I have clearly stated the contribution of others to my thesis as a whole, including statistical assistance, 
survey design, data analysis, significant technical procedures, professional editorial advice, financial 
support and any other original research work used or reported in my thesis. The content of my thesis 
is the result of work I have carried out since the commencement of my higher degree by research 
candidature and does not include a substantial part of work that has been submitted to qualify for the 
award of any other degree or diploma in any university or other tertiary institution. I have clearly 
stated which parts of my thesis, if any, have been submitted to qualify for another award. 
I acknowledge that an electronic copy of my thesis must be lodged with the University Library and, 
subject to the policy and procedures of The University of Queensland, the thesis be made available 
for research and study in accordance with the Copyright Act 1968 unless a period of embargo has 
been approved by the Dean of the Graduate School.  
I acknowledge that copyright of all material contained in my thesis resides with the copyright 
holder(s) of that material. Where appropriate I have obtained copyright permission from the copyright 
holder to reproduce material in this thesis and have sought permission from co-authors for any jointly 
authored works included in the thesis. 
 
 Publications included in this thesis 
No publications included 
 
Submitted manuscripts included in this thesis 
No manuscripts submitted for publication 
 
Other publications during candidature 
No other publications 
 
 
  
 Contributions by others to the thesis  
Prof Paul Burn was responsible for the concept and design of the project. 
Prof Paul Burn and Dr Dani Stoltzfus have performed critical revision of the thesis and contributed 
to the analysis and interpretation of data. 
Dr Hui Jin completed the measurement of charge mobilities, dielectric constants, and fabricated and 
tested the organic photovoltaic devices for homojunction glycolated materials as described in Chapter 
3. Dr Hui Jin also contributed to the analysis and interpretation of the data obtained from these tests. 
The data analysis is provided in Chapter 3. 
Dr Qianqian Lin performed measurements of charge mobilities and carried out SCLC measurements 
of the pristine TPA films as described in Chapter 2.  Dr Qianqian Lin also contributed to data analysis 
and interpretation of the experimental results.  
Dr Paul Shaw was responsible for the PL measurements of TPA materials outlined in Chapter 2, and 
contributed to the discussion with regard to opto-electronic behaviour. 
Dr Dani Stoltzfus performed the PESA measurements for the materials involved in this work and also 
supplied the functionalised adamantane materials 2.28 and 2.29 as discussed in Chapter 2.  
Dr. Ravi Chandra Raju Nagiri performed X-ray diffraction measurements for this project and 
contributed to the data analysis and interpretation of the experimental results.  
Mr George Blazak and Dr Michael Nefedov performed the elemental analysis for the new compounds 
synthesized in this project. Mr Graham McFarlane and Mr Peter Josh provided assistance with mass 
spectrometry. Mr Jacob Whittaker performed X-ray crystallographic measurement and structure 
determination for this project.  
The contributions by others to this thesis have been clearly stated in the body of the thesis. 
 
 Statement of parts of the thesis submitted to qualify for the award of another degree 
No works submitted towards another degree have been included in this thesis. 
 
Research Involving Human or Animal Subjects  
No animal or human subjects were involved in this research. 
 Acknowledgements 
I acknowledge the University of Queensland for providing me with support for the duration 
of my candidature, with financial support via the Australian Government Research Training Program 
Scholarship. 
I would first like to sincerely thank my advisor, Professor Paul Burn, for giving me the 
opportunity to complete this project under his supervision. I am grateful for the encouragement he 
provided throughout the entirety of my candidature, and appreciate the understanding, knowledge, 
and commitment he brings to his research and shares with his students. His support has enabled me 
to acquire a wide variety of skills throughout my candidature, and his meticulously throughout all 
aspects is highly valued. Professor Paul Burn also provided critical revision on this thesis. I would 
also like to extend my thanks to my co-supervisors, Dr Dani Stoltzfus and Prof Paul Meredith for all 
of the helpful suggestions and practical knowledge they have provided.  
I will always be grateful for the time I have spent at the Centre for Organic Photonics and 
Electronics (COPE); the state-of-the-art facilities have provided the fundamental aspects to this 
project, and have enabled me to absorb more knowledge than I thought possible. The group has 
enabled collaboration with many brilliant people, and I am eternally thankful for those who have 
shared their time and expertise with me – the realisation of the goals within this work would not be 
possible without their contribution. I would like to express my gratitude to Dr Hui Jin, who fabricated 
and tested organic homojunction devices from the glycolated materials developed in this project. 
Without her help these results could not be realised. I would like to further extend my thanks to Dr 
Hui Jin in addition to Dr Dani Stoltzfus and Dr Qianqian Lin for their patience and training in device 
manufacture and testing. It is a wonderful feeling to have the skills available to implement my 
synthesised materials into my own working solar cell devices. I would like to sincerely acknowledge 
Dr Andrew Clulow for his help and guidance in relation to thermal analysis. His training and detailed 
notes not only gave me understanding of the techniques, but also the confidence to maintain both the 
thermal gravitational analysis and differential scanning calorimetry machines, of which became an 
integral part of this project.  Next, I would like to thank Dr Paul Shaw for photoluminescence 
characterisation; Dr Qianqian Lin for mobility measurements using the space charge limited current 
technique; and Dr. Ravi Chandra Raju Nagiri for X-ray diffraction measurement and analysis. I 
further express thanks to Dr Dani Stoltzfus for PESA measurements; Mr Jacob Whittaker for X-ray 
crystallographic measurement and structure determination; Dr Tri Le for assisting with NMR 
experiments; Mr Graham McFarlane and Mr Peter Josh for help with mass spectrometry; and Mr 
George Blazak and Dr Michael Nefedov for elemental analysis completed throughout this work.  
 I would also like to express my gratitude to Dr Dani Stoltzfus, Dr Paul Shaw, Dr Aaron 
Raynor, and Ms Denise McMillan for their help proof-reading for this thesis. Their opinions have 
been seriously taken into account, and their feedback has enabled this body of work to be what it is. 
Furthermore, I would like to thank Dr Wei Jiang, Dr Ross van Vuuren, Dr Shengqiang Fan, Dr Robert 
Wawrzinek, Dr Jenny Donaghey, Dr Aaron Raynor, Dr Emma Puttock and Dr Jos Kistemaker for the 
helpful discussions within the chemistry laboratory. I am grateful to have had so many wonderful 
mentors during my candidature, many of which I can now also call friends. They have all provided 
invaluable advice, encouragement, and support which I will never forget. Working at COPE has felt 
like working with a second family; I have met so many wonderful people and I have enjoyed learning 
about new customs, cultures, and trying interesting foods from all around the world. My deepest 
thanks go to Alex Loch, Innes Gale, Josh May, Kinitra Hutchinson, Steven Russell, Ilene Alison, Van 
Mai, Nicholle Wallwork, Mike Wood, and everyone who has been part of my journey over the past 
five years. I treasure the comradeship, laughter, and friendship which has been shared throughout this 
pivotal part of my life - they are memories which I will cherish forever.  
An extended thank you must also be said to all of the surgeons, doctors, nurses, and therapists 
who helped put my body back together after my motorbike accident in September 2016. Their 
combined expertise has enabled me to become freely independent, stand on my own two feet, and to 
walk again; after which I was able to return to complete this project. While it almost cost me an arm 
and a leg (pun entirely intended); I am thankful for their care and compassion throughout my ongoing 
recovery.   
Thank you to my partner Chris, for an incredible amount of love, support, and patience these 
past few years. Thank you for welcoming me into your family, and thank you to the McMillans for 
making me feel at home. I struggle to express how grateful I am for all that you have done while I 
was endlessly writing and never sleeping. You have brought so much happiness, warmth, sunshine, 
and stability into my life. From the bottom of my heart, thank you. When you know. You are the best 
teammate I ever could have hoped for and I cannot wait to see what the next chapter of our lives will 
bring.  
Finally, I would like to express my thanks and eternal love to my parents and family. I feel 
their love and support every single day. They have been by my side every single step of the way, and 
I thank them for encouraging me to believe in myself and to reach beyond my goals. The strength and 
perseverance my parents have shown throughout the past five years is truly inspiring; their continued 
hope and positivity has enabled me to overcome my own hurdles, and to keep pushing through. To 
my sisters, Emily and Anna, thank you for always being there for me. Growing up with you has 
shaped me into the person I am today and I am thankful for a lifetime of friendship. There are an 
 endless number of memories which make me smile, and I am sure there will be many more to come. 
But don’t worry, I am still the favourite. To my father, thank you for always listening to my questions 
and sharing your knowledge and stories with me. You have always encouraged my love for science 
and fuelled my passion to know how things work. I cherish the memories of us working on projects 
in the backyard; whether they are exploding balloons, making hot water heaters and hot air balloons, 
or teaching me how to weld and use power tools. I also treasure the times we spent together during 
our motorbike trips tooting around. I hope you (and I) are always “living the dream”. To my mother, 
thank you for being such a solid foundation to which I can always return home and find comfort. As 
some of my earliest memories are excitedly completing “fun” books, I know you have been essential 
to my love of learning. Helping me complete my homework on the kitchen floor while you cooked 
dinner; spending the day growing crystals with you during the summer; and going to the library after 
school every week are such warm memories which sparked my interest in chemistry and science. You 
have always encouraged me to try my best, no matter what I do, and it is this support which has 
enabled me to achieve my dreams. You have not only inspired me to learn, but also encouraged me 
to explore creative outlets and have been there to discover many beautiful art galleries and museums 
with me. Most of all however, thank you for always finding laughter in life – it is this lesson which I 
hold closest to my heart. I hope we have many long days full of happiness ahead.     
 
 
 
 
  
 Financial support 
This research was supported by an Australian Government Research Training Program Scholarship 
Keywords 
organic semiconductors, organic solar cells, triphenylamine-based dendrimers, electron acceptor, 
differential scanning calorimetry, morphology, homojunction, dielectric constant, glycolated 
materials, photovoltaic 
Australian and New Zealand Standard Research Classifications (ANZSRC) 
ANZSRC code: 030503 Organic Chemical Synthesis, 60% 
ANZSRC code: 030301 Chemical Characterisation of Materials, 20% 
ANZSRC code: 030304 Physical Chemistry of Materials, 20% 
Fields of Research (FoR) Classification 
FoR code: 0305 Organic Chemistry, 60% 
FoR code: 0303 Macromolecular and Materials Chemistry, 20% 
FoR code: 0306 Physical Chemistry (incl. Structural), 20% 
 
  
  
 
 
“Wherever you are in this moment is exactly where you are supposed to be, no 
matter how things may seem to appear” 
 - Adèle Basheer
Table of Contents 
Table of Contents ................................................................................................................................ i 
List of Figures  ................................................................................................................................... iv 
List of Schemes ................................................................................................................................... x 
List of Tables  ................................................................................................................................... xi 
List of Abbreviations and Symbols................................................................................................. xii 
CHAPTER 1 Introduction .............................................................................................................. 1 
1.1 Solar Energy and Photovoltaics ............................................................................................... 2 
1.2 Next Generation PVs ................................................................................................................ 2 
1.2.1 Inorganic Solar Cells .................................................................................................... 2 
1.2.2 Organic Solar Cells ...................................................................................................... 4 
1.3 Organic Photovolatics .............................................................................................................. 4 
1.3.1 Working Principles ....................................................................................................... 4 
1.3.2 Bilayer vs Bulk-heterojunction .................................................................................... 7 
1.3.3 Electrodes ..................................................................................................................... 8 
1.3.4 Active Layer ................................................................................................................. 9 
1.4 Material Design to Improve OPV Performance ..................................................................... 10 
1.4.1 Chromophore Manipulation ....................................................................................... 11 
1.4.2 Side Chain Engineering .............................................................................................. 14 
1.4.3 Tuning the Dielectric Constant ................................................................................... 16 
1.5 Alternative Approaches to Improving OPV Performance ..................................................... 18 
1.5.1 Empirical Trial and Error ........................................................................................... 18 
1.5.2 Predictive Methods ..................................................................................................... 20 
1.7 Homojunction Devices ........................................................................................................... 25 
1.8 Aims and Brief Introduction to Chapters ............................................................................... 27 
CHAPTER 2 Investigating the Structure-Morphology Relationship with Differential 
Scanning Calorimetry ...................................................................................................................... 29 
2.1 Introduction ............................................................................................................................ 30 
Table of Contents 
ii 
 
2.2 Synthesis ................................................................................................................................ 31 
2.2.1 Star Shaped TPA Compounds .................................................................................... 31 
2.2.2 Compounds with Alternative Structural Scaffolds ..................................................... 41 
2.2.3 Star Shaped TPA Compounds with Increased Solubility ........................................... 51 
2.3 Optical Properties ................................................................................................................... 53 
2.3.1 Pristine Materials ........................................................................................................ 53 
2.3.2 Blended Materials ....................................................................................................... 55 
2.4 Electronic Properties .............................................................................................................. 56 
2.4.1 Estimation of IP/EA by Cyclic Voltammetry ............................................................. 56 
2.4.2 Discussion of Measured Energy Levels ..................................................................... 58 
2.5 Charge Transporting Properties ............................................................................................. 59 
2.6 Thermal Properties ................................................................................................................. 60 
2.6.1 Behaviour of Pure Materials ....................................................................................... 60 
2.6.2 Behaviour of Blends ................................................................................................... 62 
2.6.3 General Discussion of Blend Behaviour .................................................................... 64 
2.6.4 Kyu Equation .............................................................................................................. 65 
2.6.5 Application of Kyu Equation: 𝜒𝑐𝑎and 𝜒𝑐𝑎0 ............................................................. 66 
2.6.6 Determination of Crystallinity .................................................................................... 70 
2.6.7 Conclusions of Thermal Behaviour ............................................................................ 71 
2.7 X-ray Diffraction Study ......................................................................................................... 73 
2.7.1 Neat Films .................................................................................................................. 73 
2.7.2 Blended Films ............................................................................................................. 74 
2.8 Device Performance ............................................................................................................... 76 
2.8.1 Device Predictions ...................................................................................................... 76 
2.8.2 Manufacturing Approach ........................................................................................... 77 
2.8.3 Optimisation: DCV-H (Linear Chain Dicyanovinyl) ................................................. 78 
2.8.4 Optimisation: Rho-H (Linear Chain Rhodanine) ....................................................... 83 
2.8.5 Optimisation: DCV-EtH (Branched Chain Dicyanovinyl) ........................................ 86 
Table of Contents 
iii 
 
2.8.6 Optimisation: Rho-EtH (Branched Chain Rho) ......................................................... 94 
2.8.7 Conclusions: General comments of Device Performance and Thermal analysis ....... 99 
CHAPTER 3 Glycolated Materials with Enhanced Dielectric Constant for use within Organic 
Homojunction Devices ................................................................................................................... 102 
3.1 Glycolated Materials to Increase the Dielectric Constant .................................................... 103 
3.2 Synthesis .............................................................................................................................. 105 
3.2.1 Aldehyde Dimer (Ald) .............................................................................................. 105 
3.2.2 Dibromoalkene (vBr) ............................................................................................... 109 
3.2.3 Unfunctionalised benzothiadiazole (BT) .................................................................. 117 
3.3 Crystal Structures ................................................................................................................. 119 
3.4 Optical Properties ................................................................................................................. 120 
3.5 Electronic Properties ............................................................................................................ 121 
3.6 Calculation of IP/EA ............................................................................................................ 121 
3.7 Thermal Properties ............................................................................................................... 123 
3.8 Charge Transporting Properties and Dielectric Constants ................................................... 124 
3.9 Preliminary Device Results .................................................................................................. 126 
3.10 Conclusions .......................................................................................................................... 127 
CHAPTER 4  Conclusions and Outlook ................................................................................... 128 
4.1 Concluding Remarks and Outlooks ..................................................................................... 129 
4.1.1 Triphenylamine Thermal Analysis Project ............................................................... 129 
4.1.2 Glycolated Homojunction Project ............................................................................ 131 
CHAPTER 5 Experimental ........................................................................................................ 133 
5.1 General Experimental ........................................................................................................... 134 
5.1.1 Synthesis and characterization of organic materials ................................................ 134 
5.1.2 OPV device fabrication and measurement ............................................................... 136 
5.2 Chemical synthesis ............................................................................................................... 137 
Reference List  ................................................................................................................................ 165 
List of Figures 
Figure 1.1: The working principles of (a) inorganic solar cells where the energy gap (Eg) between the 
valence band (EV) and conduction band (EC) must be smaller than the energy of incident 
light for charge carriers to be generated; (b) organic bilayer solar cells where the ionisation 
potential (IP) and electron affinity (EA) are represented for the donor (D) and acceptor (A) 
materials respectively. Dashed arrows represent the diffusion of an excitonic species, with 
solid arrows representing the diffusion of free charge carriers. .......................................... 5 
Figure 1.2: (a) A simple energy level diagram of a donor and acceptor solar cell device. Where: ΔEI 
is the energy offset between the EAD and EAA; and ΔEII is equal to the energy difference 
between IPD and IPA.VOC is the open circuit voltage as equal to the difference between EAA 
and IPD. (b) Photo-excitation of the donor material shown by Channel I pathway and; (c) 
excitation of the acceptor material shown by Channel II pathway. Eb
A
 and Eb
D are the 
singlet exciton binding energies of the acceptor and donor respectively. ........................... 5 
Figure 1.3: Typical current-voltage curve of an organic solar cell under illumination. Determination 
of fill factor, FF, represented by ratio of two rectangles where: Jmpp and VOC are current 
density and voltage at maximum power point (Pmpp) respectively. VOC is the open circuit 
voltage and JSC is current density under short circuit conditions. ....................................... 7 
Figure 1.4: Stylised representation of common OPV device architectures: (a) bilayer structure and (b) 
a bulk heterojunction ........................................................................................................... 9 
Figure 1.5: Structures of common materials used in OSCs ............................................................... 10 
Figure 1.6: Common electron donating and electron accepting groups used in the synthesis of narrow 
optical gap materials for organic solar cells. ..................................................................... 12 
Figure 1.7: High performing organic donor materials PBDB-T and BXR derivatives by combination 
of electron donating (red) and electron accepting (blue) moieties. ................................... 12 
Figure 1.8: High performing non-fullerene acceptors ITIC and N2200 with respective 
indacenodithiophene and perylenediimide core structures highlighted in blue. ............... 13 
Figure 1.9: Molecular structure of random terpolymer donors with varying compositions of alkyl side 
chains where PCEmax refers to the highest recorded power conversion efficiency as reported 
by Huo et al.164 when the polymers blended with non-fullerene acceptor ITCPTC.149 .... 15 
Figure 1.10:176 Efﬁciency based on drift–diffusion calculations starting from the 7.4% record cell of 
PTB7/PCBM with layer thickness of 250 nm, showing the inﬂuence of the relative 
dielectric constant (black symbols), while keeping all other parameters ﬁxed. The exciton 
binding energy Eb strongly depends on the dielectric constant (blue symbols). By setting δ 
[IP-IP band offset energy] equal to the exciton binding energy, efﬁciencies (red symbols) 
are obtained that are comparable to those of inorganic devices. The green line denotes the 
efﬁciency in the radiation limit, whereas the other lines are drawn as a guide to the eye. 16 
Figure 1.11: Illustration of the increased flexibility of ethylene glycol chains in comparison to alkyl 
chains on a simple fluorene chromophore (based on figure by Wang et. al182). dπ-π 
represents the distance between aromatic planes. ............................................................. 17 
Figure 1.12: 183 Introduction of glycol chains to a poly(p-phenylene vinylene) (PPV) backbone to 
increase the dielectric constant (εr) .................................................................................... 18 
List of Figures 
v 
 
Figure 1.13: Phase diagram of a two component system, highlighting the position of a eutectic 
mixture. SA and SB refer to the presence of solid A material and solid B material 
respectively, with L referring to the presence of a liquid phase ........................................ 21 
Figure 1.14: Organic donor and acceptor materials investigated by DSC methods within the OPV 
field to determine phase diagrams of various BHJ systems. A summary of results is shown 
in  [Table 2.7]. ................................................................................................................... 22 
Figure 1.15: Molecular structures of monomeric (M), dimeric (D), and polymeric (P) 
cyclopentadithiophene materials of alkylated (A) and glycolated (G) analogues as reported 
by Armin et al269 with corresponding dielectric constants at low (ɛlf) and high (ɛhf) 
frequencies. Commercially available PCPDTBT is the alkylated comparison for PG. ... 26 
Figure 1.16: Homojunction EQE spectra of cyclopentadithiophene materials compared to several 
organic semiconductors commonly used within BHJ solar cells as reported by Armin et 
al269. ................................................................................................................................... 27 
Figure 2.1: Proposed structural scaffolds as highlighted in red (top) and an illustration demonstrating 
their relative 3D orientations (bottom) for: a) triphenylamine; b) polymer when n=8; and 
c) adamantane; when containing common chromophores as per Scheme 2.7. ................. 31 
Figure 2.2: Target compounds DCV-H and Rho-H .......................................................................... 32 
Figure 2.3: 1H NMR spectrum of aromatic region of Rho-H: in concentrated solution (red); and 
diluted sample (blue). * are residual solvent signals ......................................................... 39 
Figure 2.4: 1H NMR regions containing additional peaks of hydroxyl intermediate RhoOH (red), 
compared to isolated target compound Rho-H (blue). * Is residual solvent satellite peak
 ........................................................................................................................................... 40 
Figure 2.5: Identification of syn and anti conformers of hydroxy intermediate RhoOH. Partial 
structure drawn for clarity. Proton assignment correlates to 1H NMR spectrum in Figure 
2.4 ...................................................................................................................................... 40 
Figure 2.6: 1H NMR of isolated adamantane cored compound, 2.30 [Scheme 2.10]. Arrows indicate 
aldehyde CH signal, and central adamantane CH2 signal ................................................. 47 
Figure 2.7: Simplified schematic of potential cross linked structure if adamantane core 2.28 undergoes 
extensive Glaser coupling.................................................................................................. 49 
Figure 2.8: Normalised absorption spectra of (a) dicyanovinyl capped acceptors DCV-H and DCV-
EtH and (b) rhodanine capped acceptors Rho-H and Rho-EtH, for both solution (dashed), 
and solid state (solid) measurements. Normalised film absorption and normalised emission 
spectra for all acceptors (c); with comparison to P3HT and PCBM film absorption (d). . 54 
Figure 2.9: Solid state PL emission of pure P3HT, in comparison to the emission of blends containing 
P3HT:acceptor (95:5). All films were excited at P3HT λmax of 520 nm. .......................... 56 
Figure 2.10: (a) Solution CV plots of DCV-H, DCV-EtH, Rho-H, and Rho-EtH in THF at 100mV/s 
showing chemically reversible electrochemical processess for both the oxidation and 
reductions processes. (b) Energy level diagram representing the calculated IP and EA levels 
in comparison to those of P3HT ........................................................................................ 58 
Figure 2.11: Second heating and second cooling thermograms of pure acceptor materials. Scanning 
rate of 100 °C/min with traces offset for clarity. ............................................................... 61 
List of Figures 
vi 
 
Figure 2.12:  DSC first heating thermograms of acceptors DCV-H, DCV-EtH, Rho-H, and Rho-
EtH with P3HT with a scanning rate of 10 °C/min. Traces are offset for clarity. ............ 63 
Figure 2.13: Thermal transitions of acceptors (a) DCV-H; (b) DCV-EtH; (c) Rho-H; and d) Rho-
EtH, when blended with P3HT (%) calculated from offset as observed in DSC 
thermograms shown in Figure 2.12. Circles and diamonds signify P3HT and acceptor 
transitions respectively; with filled symbols representing melting (endothermic) 
transitions, and open symbols representing crystallisation (exothermic) processes. Dashed 
lines are used as a guide for the eye only. ......................................................................... 64 
Figure 2.14: Kyu plots of (1 – 𝑇𝑚/𝑇𝑚0) vs (1 – w) representing the melting point depression of 
crystalline P3HT domains by amorphous acceptor: (a) DCV-H; (b) DCV-EtH; (c) Rho-
H; and (d) Rho-EtH. The linear slope was fitted by a least-squares method, with deviation 
from linearity resulting from liquid-liquid immiscibility. The data point at a (1 – w) = 0.3 
for DCV-EtH was considered an outlier and was excluded from linear fitting. .............. 66 
Figure 2.15: A plot of 𝜒𝑐𝑎 as a function of P3HT weight fraction when blended with: (a) DCV-H; 
(b) DCV-EtH; (c) Rho-H; and (d) Rho-EtH. Linear slope was fitted by a least-squares 
method and used to determine: 𝜒𝑐𝑎0 when 𝑤P3HT =1; and 𝑤𝑐𝑟𝑖𝑡when χca = 0. ............... 68 
Figure 2.16: (a) P3HT fraction film crystallinity compared to crystallinity of a perfect crystal, as 
function of P3HT weight ratio. Error bars result from propagation of errors within 
calculation of 𝑥𝑃3𝐻𝑇 values. (b) Weight fraction of phase separated crystalline domains 
within blends containing P3HT and various acceptor materials. Deviation from 𝑓𝑃3𝐻𝑇 =
1 indicates disruption (𝑓𝑃3𝐻𝑇 < 1) or enhancement (𝑓𝑃3𝐻𝑇 > 1) to material 
crystallinity in comparison to a pure P3HT sample. Error associated with 𝑓𝑃3𝐻𝑇 values 
(calculated by propagation of error) are below the detection limit of the graphs and 
considered negligible. ........................................................................................................ 70 
Figure 2.17: Specular XRD diffraction plots of pure materials: P3HT, Rho-EtH, and DCV-H. Open 
circles show as-cast films, filled circles for annealed (130 °C, 5 min) films. Arrows indicate 
ordered peaks for DCV-H. Traces are offset for clarity. .................................................. 73 
Figure 2.18: Specular XRD diffraction plots of Rho-EtH (a) and DCV-H (b) when blended with 
P3HT at various blend ratios. Open circles show as cast films, with filled circles for 
annealed (130 °C for 5 min) films. Traces are offset for clarity. ...................................... 74 
Figure 2.19: Progression of P3HT(100) peak (a) relative intensity; and (b) position; when blended with 
DCV-H and Rho-EtH at various concentrations. Peak intensity is displayed as a ratio to 
that of pure un-annealed P3HT, adjusting for concentration. As cast films are represented 
by open markers with dashed lines, with annealed (130 °C, 5 min) films represented by 
filled markers with solid lines. .......................................................................................... 75 
Figure 2.20: Thickness dependence of BHJ layer on (a) PCE; (b) FF; (c) VOC; and (d) JSC, when DCV-
H is blended with P3HT in a 1:1 ratio under a variety of conditions. Error bars represent 
the standard deviation within a dataset. ............................................................................. 80 
Figure 2.21: Blend ratio dependence of P3HT:DCV-H devices listed as P3HT % on (a) PCE; (b) JSC; 
(c) Voc; and (d) FF.  BHJ thickness is maintained at ~75 nm. ......................................... 82 
Figure 2.22: Current density / voltage (J – V) curves of BHJ hero devices (75 nm) with DCV-H and 
P3HT (wt %) at various concentrations of both as cast films (dashed), and annealed (solid 
lines) devices. Annealed devices: 130 °C, 5min. .............................................................. 82 
List of Figures 
vii 
 
Figure 2.23:  Thickness dependence on PCE, FF, Voc and Jsc, when Rho-H is blended with P3HT 
in a 1:1 ratio. ...................................................................................................................... 84 
Figure 2.24: Blend ratio dependence on (a) PCE; (b) FF; (c) Voc; and (d) Jsc, for P3HT:Rho-H BHJ 
devices when the active layer thickness is maintained between 60-70 nm. ...................... 85 
Figure 2.25: Thickness dependence on (a) PCE; (b) FF; (c) Voc; and (d) Jsc, when DCV-EtH is 
blended with P3HT in a 1:1 ratio ...................................................................................... 87 
Figure 2.26: Blend ratio dependence on (a) PCE; (b) FF; (c) Voc; and (d) Jsc, when DCV-EtH is 
blended with P3HT in various ratios. Results are listed as a function of P3HT % when BHJ 
thickness is 75 nm (red) or 110 nm (blue). Error bars represent the standard deviation of
 ........................................................................................................................................... 88 
Figure 2.27: Blend ratio dependence on (a) PCE; (b) FF; (c) Voc; and (d) Jsc, when DCV-EtH is 
blended with P3HT in various ratios. Results are listed as a function of P3HT % when 
devices are spun: as per standard procedure; standard procedure with annealing; slow dried; 
and slow dried with annealing. BHJ thickness is 110 nm for all devices. Annealed devices 
held at 130 °C for 5 min. ................................................................................................... 90 
Figure 2.28: EQE spectrum of selected best performing devices when P3HT is blended with DCV-
EtH. The devices are manufactured under standard conditions at 20 %, 50 % and 80 % 
P3HT, with both un-annealed (dashed lines) and annealed (130 C, 5 min - solid lines) 
devices shown. ................................................................................................................... 92 
Figure 2.29: Thickness dependence on (a) PCE; (b) FF; (c) Voc; and (d) Jsc, when Rho-EtH is 
blended with P3HT in a 1:1 ratio ...................................................................................... 94 
Figure 2.30: Blend ratio dependence on (a) PCE; (b) FF; (c) Voc; and (d) Jsc, when Rho-EtH is 
blended with P3HT in various ratios. Results are listed as a function of P3HT % when 
devices are spun: as per standard procedure; standard procedure with annealing; slow dried; 
and slow dried with annealing. BHJ thickness is 100 nm for all devices. Error bars represent 
standard deviation of each data set. ................................................................................... 96 
Figure 2.31: EQE spectrum of selected best performing devices when P3HT is blended with Rho-
EtH. (a) 40 %, 50 %, 60 % and 70 % P3HT blends shown for standard annealed (dashed 
lines), and slow dried annealed (solid lines). (b) Comparison of both annealed methods at 
50% P3HT for clarity. Annealing conditions are at 130 °C for 5 min. BHJ is 100 nm. ... 97 
Figure 2.32: Melting point, JSC, and PCE as a function of P3HT % for TPA acceptors. Melting points 
are measured by the end point of melting from DSC analysis. Average JSC and PCE values 
for best performing devices are shown with error bars representing standard deviation from 
device output characteristics. Note that Rho-H is for un-annealed devices. Dashed lines 
are used as a guide to the eye only. ................................................................................. 101 
Figure 3.1: Proposed target structures include the replacement of the (a) dicyanovinyl group 
highlighted in red as reported by Armin et al269 with (b) analogues of varying electron 
affinity, conjugation length, and size, to investigate the most influential factor on the high 
dielectric constant ............................................................................................................ 104 
Figure 3.2: 1H NMR spectrum of samples containing prononated 3.10 and boroylated 3.13 in varying 
ratios [H:B(pin) respectively] as estimated from integration of aromatic signals (inset). * 
is residual solvent peak, and # is assigned to H2O. ......................................................... 108 
List of Figures 
viii 
 
Figure 3.3: X-ray crystallography of manually separated crystal types provided identification of E/Z 
isomers of vinyl substituted mono-thiophene 3.20. Resolved crystal structure of isomers 
3.20E (top) and 3.20Z (bottom) showing: (a) a single unit cell; with orientation showing the 
benzothiadiazole (b) front face; and (c) side profile. Sample was isolated from reaction 
conditions outlined in Entry 1 of Table 3.2. .................................................................... 113 
Figure 3.4: 1H NMR (500 MHz) of products resulting from Stille conditions as described in Scheme 
3.8 and Table 3.2, with inset of corresponding structures. * Is residual solvent peak. Protons 
within benzothiadiazole and thiophene rings assigned by BT and Th respectively, with 
vinyl proton represented by H0. ....................................................................................... 114 
Figure 3.5: Synthesis of pseudo-ylide species as salt 3.23, to enable isolation from side-product 
dibromotriphenylphosphine 3.24 ..................................................................................... 115 
Figure 3.6: GPC analysis of vBr (red), and sample containing vBr and elimination products such as 
aBr (blue) at a detector wavelength of 245 nm. Note the slight deviation in retention time 
and molecular weight between samples. Dashed line is used as a guide to the eye only. RT 
is retention time (min); Mw is calculated molecular weight (g/mol) calibrated to 
polystyrene standards; PDI is the polydispersity index. Peak at ~40 min are injection 
artefacts............................................................................................................................ 117 
Figure 3.7: X-ray crystal structure of BT with hydrogen atoms hidden for clarity as a) a single unit; 
b-d) showing packing within the unit cell along three faces of the aromatic planes. Glycol 
side chains are hidden as to enable clear visualisation of the aromatic ring system. Dashed 
lines are drawn as a guide to the eye only. Distances listed are an average of the measured 
face-to-face intermolecular separation. ........................................................................... 119 
Figure 3.8: X-ray crystal structure of vBr with hydrogen atoms hidden for clarity as a) a single unit; 
b-d) showing packing within the unit cell along three faces of the aromatic planes. Glycol 
side chains are hidden as to enable clear visualisation of the aromatic ring system. Dashed 
lines are drawn as a guide to the eye only. Distances listed are an average of the measured 
face-to-face intermolecular separation. ........................................................................... 120 
Figure 3.9: UV-vis absorption of Ald, vBr, and BT in solution (left) and thin film (right). .......... 121 
Figure 3.10: (a) Solution CV plots of Ald, vBr, and BT in tetrahydrofuran at 100mV/s showing 
reproducible scanning cycles for both oxidation and reductions processes. Dashed line for 
vBr represents measurement by differential pulse voltammetry methods. All voltammetry 
plots were referenced to the Fc+/Fc couple. (b) Energy level diagram representing the 
calculated IP and EA levels. ............................................................................................ 122 
Figure 3.11: (a) TGA thermograms as a percentage of weight scanning at 10 °C/min with dashed line 
representing 5% weight loss. (b) DSC thermograms of glycolated materials at a scan rate 
of 100 °C/min (right) for the first two heating and cooling cycles. ................................ 124 
Figure 3.12: Dielectric constants of Ald, vBr, and BT determined at low frequency using capacitance 
measurements, and at optical-frequency by a combination of spectroscopic absorption and 
ellipsometry. .................................................................................................................... 125 
Figure 3.13: Homojunction device performance under an applied bias of -3V, 0V, and +3V for (a) 
Ald (b) vBr and (c) BT ................................................................................................... 126 
Figure 3.14: Preliminary homojunction device results for Ald, vBr, and BT showing EQE response 
(bottom) across the visible light spectrum with corresponding film absorption spectrum 
(top) ................................................................................................................................. 126 
List of Figures 
ix 
 
Figure 4.1: Summary of key data collected for triphenyl amine thermal analysis project, including 
melting point as observed by DSC methods and power conversion efficiencies for 
optimised devices with corresponding chemical structure in the centre. ........................ 130 
Figure 4.2: Summary of key data collected for glycolated materials project with the aim of increasing 
the dielectric constant. Data includes: chemical structure; dielectric constant values (at low 
and optical frequencies) and hole and electron mobilities; and homojunction device 
performance below corresponding absorption spectra. ................................................... 131 
 
 
 x 
 
List of Schemes 
Scheme 2.1: Retrosynthetic pathway of target compounds DCV-H and Rho-H .............................. 33 
Scheme 2.2: Parallel synthetic routes for formation of tris[4-(3-hexylthiophen-2-yl)phenyl]amine 
with yields listed. ............................................................................................................... 34 
Scheme 2.3: Synthetic scheme to 4-bromo-7-(1,3-dioxolan-2-yl)benzo[c][1,2,5]thiadiazole 2.15. . 35 
Scheme 2.4: Synthetic scheme to aldehyde intermediate 2.1, with common by-product 2.16. ......... 37 
Scheme 2.5: Synthetic scheme to target compounds DCV-H and Rho-H. ....................................... 38 
Scheme 2.6: Hann and Lapworth condensation mechanism for reaction between ethylrhodanine, 
aldehyde2.1, and catalytic piperidine via β-hydroxy intermediate. Note that only one arm 
is shown for clarity, transformation is expected to occur on all three arms. ..................... 41 
Scheme 2.7: Retrosynthetic analysis of adamantane and polymeric derivatives ............................... 43 
Scheme 2.8: Retrosynthetic analysis of common, di-substituted intermediate 2.22. ......................... 44 
Scheme 2.9: Synthetic scheme for formation of di-substituted material 2.24 ................................... 46 
Scheme 2.10: Synthetic pathway for synthesis of adamantane cored derivative 2.30. Reaction 
conditions for attempted Sonogashira couplings are found in Table 2.1. ......................... 47 
Scheme 2.11: Proposed mechanism for Sonogashira cross coupling showing palladium and copper 
cycles in black, with proposed mechanism for Glaser coupling due to oxygen 
contamination in blue. ....................................................................................................... 50 
Scheme 2.12: Attachment of styrene unit for polymeric derivative 2.19 .......................................... 51 
Scheme 2.13: Synthetic routes for formation of star shaped derivatives DCV-EtH and Rho-EtH, 
which contain branched alkyl chains for increased solubility ........................................... 52 
Scheme 3.1: Proposed transformations from reported aldehyde dimer Ald269 (red), to novel 
functionalised materials (blue). Transformations are expected to occur symmetrically on 
both ends of the dimerised aldehyde intermediate. ......................................................... 104 
Scheme 3.2: Synthetic route towards glycolated cyclopentadithiophene unit 3.10 ......................... 105 
Scheme 3.3: Reaction scheme for the synthesis of the aldehyde monomer Ald ............................. 107 
Scheme 3.4: Synthesis towards aldehyde dimer Ald ....................................................................... 109 
Scheme 3.5: Synthetic attempt at formation of vBr via Corey-Fuchs conditions ........................... 110 
Scheme 3.6: Alternative retrosynthetic approach for synthesis of vBr ........................................... 111 
Scheme 3.7: Synthesis of 3.18 from 2.14 under Corey-Fuchs conditions ....................................... 112 
Scheme 3.8: Reaction of 3.18 with 2-(tri-n-butylstannyl)thiophene to investigate the preferential 
position for palladium cross coupling. ............................................................................ 112 
Scheme 3.9: Using 3.23 to transform Ald into vBr. Subsequent elimination of vBr to aBr was 
observed to occur in the presence of potassium tert-butoxide ........................................ 116 
Scheme 3.10: Reaction scheme for the synthesis of BT .................................................................. 118 
 xi 
 
 List of Tables 
Table 1.1: Eutectic/phase behaviour and device properties of blend ratios analysed by DSC methods 
within the OPV field. (references cited here correspond to those cited in text). Relevant 
chemical structures are shown in Figure 1.14. .................................................................. 24 
Table 2.1: Attempted reaction conditons of sonogasheria couplings utilising 2.23 and 2.28 ........... 48 
Table 2.2: Electronic properties and optical gap of TPA compounds ............................................... 57 
Table 2.3: Charge transporting properties of TPA compounds ......................................................... 59 
Table 2.4: Thermal properties of pure acceptor materials ................................................................. 62 
Table 2.5: aValues determined from Kyu plots and χca vs. 𝑤P3HT plots ............................................. 69 
Table 2.6: Hero device performance parameters of various blends of P3HT with DCV-H when 
processed at 60 °C, as-cast and annealed. ......................................................................... 81 
Table 2.7: Hero device performance parameters of various blends of P3HT with Rho-H when 
processed at room temperature from 24 mg/ml solution ................................................... 86 
Table 2.8: Hero device performance parameters of P3HT with DCV-EtH when blended at a 1:1 ratio. 
Devices were manufactured at room temperature from 32 mg/ml solution in DCB. ........ 87 
Table 2.9: Device output characteristics of highest performing devices containing P3HT and DCV-
EtH in various blend ratios, listed as function of P3HT %. .............................................. 93 
Table 2.10: Hero device performance parameters of P3HT with Rho-EtH at a 1:1 ratio, processed at 
room temperature from 32 mg/ml solution ....................................................................... 95 
Table 2.11: Performance parameters of hero devices of P3HT and Rho-EtH in various blend ratios 
(listed as P3HT %), manufactured under a range of processing conditions. ..................... 98 
Table 3.1: Reactions that have been used in an attempt to synthesise dibromoalkene vBr under various 
Corey-Fuchs conditions [Scheme 3.5]. ........................................................................... 111 
Table 3.2: Reactions that have be used to investigate relative bromine reactivity of 3.18, with 
corresponding structure of potential products shown in Scheme 3.8. ............................. 113 
Table 3.3: Various Corey-Fuchs reaction conditions that were attempted for the synthesis of vBr from 
Ald as shown in Scheme 3.9 ........................................................................................... 116 
Table 3.4: Electronic properties of glycolated materials as measured by solution CV ................... 123 
Table 3.5: Thermal transitions of glycolated materials. ................................................................... 124 
Table 3.6: Charge transporting properties of glycolated materials .................................................. 125 
 
 
 
List of Abbreviations and Symbols 
∆H heat of fusion 
∆E energy difference  
°C degrees Celsius 
3D three-dimensional 
A acceptor  
Å angstrom 
abs absorbance 
AFM atomic force microscopy 
AIBN 1,1'-azobis(cyclohexanecarbonitrile) 
AM Air Mass 
anal. calcd. analytical calculated 
aq. aqueous 
BDT benzodithiophene 
BHJ bulk heterojunction 
BT benzothiadiazole 
cAFM photoconductive atomic force microscopy 
CB chlorobenzene 
CDCl3  deuterated chloroform 
CdTe cadmium telluride 
Ce eutectic composition  
CGMD coarse grained molecular dynamics 
CHCl3 chloroform 
CIGS copper indium gallium selenide 
cm centimetre 
cm2/V/s square centimetre per volt per second (the unit of charge mobility) 
CNT carbon nanotube 
conc. concentrated 
COSY correlation spectroscopy 
CPT Cyclopentadithiophene 
CS charge separation  
CT charge transfer  
CV cyclic voltammetry 
Cz carbazole 
D donor 
Đ dispersity 
Da Daltons 
DCM dichloromethane 
DCV dicyanovinyl 
DIO diiodooctane 
DMA N,N-dimethyl acetimide  
DME dimethoxyethane 
DMF N,N-dimethylformaldehyde 
DMSO dimethyl sulfoxide 
List of Abbreviations and Symbols 
xiii 
 
DPD dissipative particle dynamics 
DPP diketopyrrolopyrrole 
dppf 1,1'-bis(diphenylphosphino)ferrocene 
DSC Differential Scanning Calorimetry 
DTS dithienosilole 
e electron(s) 
E Energy 
e.g. exempli gratia 
E1/2 halfwave potential 
EA electron affinity  
Eb exciton binding energy 
Ec conduction band 
Eg energy gap 
EQE external quantum efficiency 
Et2O diethyl ether 
eV electronvolt 
Ev valence band  
ɛhf high/optical frequency dielectric constant 
ɛlf low/static frequency dielectric constant 
ɛr dielectric constant  
Fc+/Fc ferrocenium/ferrocene   
FF fill factor (FF)  
fi weight fraction of phase separated crystals of material i 
FTIR Fourier Transform Infrared Spectroscopy 
GaAs gallium arsenide  
GPC gel permeation chromatography  
h hour(s) 
HCl hydrochloric acid 
HOMO Highest Occupied Molecular Orbital 
HRMS high resolution mass spectrometry 
Hz Hertz 
i.e. that is 
ICl iodine chloride  
Impp current at the maximum output power 
in vacuo in a vacuum 
InP indium phosphide  
IP ionisation potential 
ISC short circuit current 
ITIC 
3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-
tetrakis(4-hexylphenyl)-dithieno[2,3-d:2’,3’-d’]-s-indaceno[1,2-b:5,6-
b’]dithiophene 
ITO indium tin oxide 
I-V current-voltage 
J coupling constant 
List of Abbreviations and Symbols 
xiv 
 
J – V current density – voltage 
JSC short circuit current density 
K12 
2-[{7-(9,9-di-n-propyl-9H-fluoren-2-yl)benzo[c][1,2,5]thiadiazol-4-
yl}methylene]malononitrile 
L  Litre 
LRMS Low resolution electrospray ionisation mass spectrometry measurements 
LUMO Lowest Unoccupied Molecular Orbital 
m multiplet 
m/z mass-to-charge ratio 
MA methylammonium 
mA/cm2 
milliamperes per square centimeter (the unit of the electric current 
density) 
MALDI-MS Matrix-assisted Laser Desorption/Ionization-Mass Spectrometry 
MC Monte Carlo 
MD molecular dynamic  
Me Methyl 
meV milielectronvolt 
mg milligrams 
MHz megahertz 
min Minute(s) 
MIS-CELIV 
Metal-Insulator-Semiconductor devices by Charge Extraction by Linearly 
Increasing Voltage 
mL millilitre 
mmol millimoles 
mol moles 
MoOx molybdenum 
Mw Molecular weight 
NBS n-bromosuccinimide 
n-BuLi n-butyllithium 
NDI naphthalenediimide 
NFA non-fullerene acceptor 
NIR near infra-red 
nm nanometre 
NMR nuclear magnetic resonance 
OPV organic photovoltaic 
OSC organic solar cell  
ox oxidation 
P3HT poly(3-n-hexylthiophene-2,5-diyl) 
PC71BM (6,6)-phenyl-C71-butyric acid methyl ester 
PCBM (6,6)-phenyl-C61-butyric acid methyl ester 
PCDTBT 
poly[[9-(1-octylnonyl)-9H-carbazole-2,7-diyl]-2,5-thiophenediyl-2,1,3-
benzothiadiazole-4,7-diyl-2,5-thiophenediyl] 
PCE power conversion efficiency  
Pd(PPh3)2Cl2 bis(triphenylphosphine)palladium(II) dichloride 
Pd(PPh3)4  tetrakis(triphenylphosphine)palladium(0)  
List of Abbreviations and Symbols 
xv 
 
PDI perylenediimide 
PEDOT:PSS poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)  
PESA Photo-Electron Spectrometer in Air  
Ph Phenyl 
PIN incident power 
PL photoluminescence 
Pmpp maximum power point (Pmpp) 
POUT output power  
ppm parts per million 
PPV poly(p-phenylene vinylene)  
PTB7 
Poly({4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b′]dithiophene-2,6-
diyl}{3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl}) 
PTFE polytetrafluoroethylene 
PV photovoltaic  
R ideal gas constant 
r.t room temperature 
red reduction 
ref.  references 
Rho n-ethylrhodanine  
RI relative intensity 
rpm round(s) per minute 
RPV Resistance dependent PhotoVoltage 
s second(s) 
SCLC Space Charge Limited Current 
sh absorption shoulder 
SIMS Secondary-Ion Mass Spectrometry  
SMA small molecule acceptor(s) 
STXM Scanning Transmission X-ray Microscopy 
t triplet 
TBAF tetra-n-butylammonium fluoride 
Tc crystallization temperature 
Td decomposition temperature 
TEA triethylamine 
TEM transmission electron microscopy 
TeOx tellurium oxide 
tert- tertiary 
TFA trifluroacetic acid 
Tg glass transition temperature 
TGA Thermal Gravitational Analysis  
Th thiophene 
THF tetrahydrofuran 
TiOx Titanium oxide 
TLC Thin Layer Chromatography 
Tm melting temperature 
List of Abbreviations and Symbols 
xvi 
 
TMS trimethylsilyl 
TPA triphenylamine  
TT thienothiophene 
UV-Vis ultraviolet-visible 
V volt 
Vmpp voltage at the maximum output power  
VOC open circuit voltage  
vs. verses 
w weight fraction 
wcrit critical solvation concentration  
wt% weight percent 
XRD X-ray diffraction 
YF25 
2-[{7-(4,4-di-n-propyl-4-H-silolo[3,2-b:4,5-b’]dithien-2-
yl)benzo[c][1,2,5]thiadiazol-4-yl}methylene]malononitrile 
ZnO zinc oxide 
δ chemical shift in ppm relative to tetramethylsilane 
ΔE energy difference  
η see PCE 
λ wavelength 
μ charge mobility 
μm  micrometre 
μM  micromolar 
νmax maximum absorption in wavenumbers (cm-1) 
χca  crystalline-amorphous interaction parameter 
χFH Flory-Huggins interaction parameter 
CHAPTER 1 
Introduction 
  
Chapter One 
 2 
 
1.1 Solar Energy and Photovoltaics  
With a growing human population and the production of greenhouse gasses rapidly warming 
the earth, there is an immediate and essential need for renewable energy sources to meet the increasing 
demand for energy while reducing the reliance on fossil fuels. As the amount of solar energy striking 
earth in just one hour is greater than the entirety of energy used by humans in one year,1 it is no 
surprise that there has been a large increase in research and development into photovoltaic (PV) 
devices, commonly called solar cells, which convert light into electrical energy. In fact, 2017 saw 
more global solar PV installations than net capacity additions to fossil fuel and nuclear power sources 
combined.2 While the recent interest in solar PV is encouraging, less than two percent of earth’s total 
energy consumption is provided by solar cells, largely due to limitations imposed by current 
commercial solar technology and subsequent energy storage. 
Due to material availability and favourable properties (e.g., low toxicity, high mobility and 
long charge-carrier lifetime), the commercial market is dominated by crystalline silicon cells, having 
operating power conversion efficiency (PCE, symbolized η) above 25%,3-6 and approximately 20% 
in large working arrays.7, 8 Although these modules are becoming more cost effective to the 
consumer,9 they are limited by their size and heavy and inflexible construction. Furthermore, silicon 
based cells are approaching the “Shockley-Queisser limit”,10 or the theoretical maximum efficiency 
for the device, prompting research into lighter and thinner cells. To address and overcome these issues 
as to enable affordable solar energy for the consumer, current research and development focuses on 
the next generation of photovoltaic materials.  
1.2 Next Generation PVs 
1.2.1 Inorganic Solar Cells 
Various inorganic, organic, and inorganic-organic hybrid semiconductor materials have been 
investigated as alternatives to silicon, in attempts to produce thinner and more flexible solar cells. 
Inorganic devices based on thin film metal chalcogenides [e.g., copper indium gallium selenide 
(CIGS) and cadmium telluride (CdTe)] are able to compete with silicon in both cost and efficiency; 
with the world record for CIGS and CdTe cells both above 21%.11, 12 While commercial chalcogenide 
cells providing efficiencies of 20% are likely to be available to the consumer in the near future,13 their 
inherent toxicity generates considerable concerns regarding waste disposal,14, 15 and recycling.16-19 
Additional inorganic materials such as those based on gallium arsenide (GaAs) and indium phosphide 
(InP) also show competitive record efficiencies of 28%20 and 24%21, respectively. However, as 
manufacture is achieved by the condensation of elemental vapours, the occupational and 
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environmental health consequences due to potential toxic gas exposure pose a significant impediment 
to their widespread production.22  
A more recent emergent thin film PV which holds great promise is that of organometallic 
halide perovskite solar cells. The crystal structure of perovskite materials is generally described as 
ABX3, where ‘A’ and ‘B’ are cations, and ‘X’ is an anion that bonds to both cations in a three 
dimensional network. Some of the most efficient perovskite semiconductor materials are lead-based 
methylammonium (MA) derivatives MAPbX3: where A denotes the MA ion, CH3NH3; B denotes the 
lead cation; and X is a chloride, bromide, or iodide halide. Lead based perovskite devices have 
received notable attention within the past decade with rapid development from an efficiency of 3% 
in 2009,23 up to 22% in 2017.24 Their success is generally attributed to efficient hole and electron 
charge transport mechanisms in combination with strong optical absorption, while significant interest 
stems from the ability of perovskite devices to be processed form solution; enabling a reduction in 
manufacturing costs and energy consumption.25, 26  
Despite the surging efficiencies, it was not until 2014 when a comprehensive electro-optic 
analysis was completed, that the “non-excitonic” nature of perovskite materials was realised. Using 
a simple CH3NH3PbI3 planar junction, Lin et. al.
27 measured the static dielectric constant (ɛr) of 
perovskite materials to be ~70, which led to a new estimate of the exciton binding energy of ~2 meV. 
This suggested that light absorption within perovskite devices spontaneously generated free charge 
carriers (i.e., free electrons and free holes), in a similar manner to silicon-based devices (ɛr ~ 12)28 
[Figure 1.1(a)]. Consequently, the observed near-unity charge generation and charge extraction of the 
prepared devices (PCE = 16%) was attributed to the low binding energy and minimal bimolecular 
recombination losses. More recent information provided by photoconductive atomic force 
microscopy (cAFM) is likely to promote further improvement of devices towards the theoretical 
energy conversion limit of 31%.29  Leblebici et. al.30 measured the interaction between a cAFM tip 
and a perovskite layer to map the morphology and resulting photocurrent generation across a device. 
They found that perovskite crystal grains and their macroscale orientation have a direct impact on the 
PCE due to a facet-dependant density of trap states. Therefore, the authors suggest energetic losses 
within devices could be minimised by the controlled and systematic growth of perovskite crystals.  
Unfortunately, while rapid advancement of perovskite solar cells shows great promise, they 
are highly sensitive to atmospheric moisture and air,31, 32 with reliance on environmentally hazardous 
lead-based materials.33-35 Additionally, the ABX3 composition of perovskites limits the scope of 
available materials and efforts to improve performance have instead focused on processing techniques 
to manipulate the thin-film morphology.  
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1.2.2 Organic Solar Cells  
Other promising alternative PV materials are those based on organic molecules. Beneficial 
properties of organic photovoltaics (OPV) or organic solar cells (OSC) include the ability to fine-tune 
materials via organic synthesis, as well as the ability to process devices from solution. Structural 
manipulation of organic materials can produce molecules with strong light absorption across the solar 
spectrum resulting in thin, light-weight devices. In combination with solution processing, OSCs are 
able to be “printed” onto a range of substrates and materials, providing unique solar collection from 
fabrics (e.g., tents, backpacks), window films, or portable devices.36, 37 Furthermore, the abundance 
of organic materials can decrease manufacturing costs and limit the use of toxic materials, allowing 
better disposal and recycling of used devices.38-41 
1.3 Organic Photovolatics 
1.3.1 Working Principles 
In comparison to inorganic silicon or perovskite PV devices, the inherently low dielectric 
constant of organic materials (ɛr ~ <4)42 prevents the formation of free charge carriers upon light 
absorption. Instead, formation of a neutral exciton will occur – i.e., a Coulombically bound electron 
and hole pair. To separate the exciton into free charge carriers, an energy differential is required 
within the device. Therefore, the organic “active layer” generally consists of at least two materials; 
an electron acceptor (n-type) material and an electron donor (p-type) material, with preference for 
electron or hole transport respectively. This concept is illustrated in Figure 1.1(b) for a simple bi-
layer structure. Irradiation of the organic material allows photons to be absorbed by the active layer 
to create an exciton. Excitation of an electron from the Highest Occupied Molecular Orbital (HOMO) 
to the Lowest Unoccupied Molecular Orbital (LUMO) forms a singlet exciton which can diffuse to 
the donor-acceptor interface. At the interface, the exciton can proceed through an intermediate charge 
transfer (CT) state, where the electron-hole pair are weakly bound but reside on different materials. 
If the exciton (Coulomb) binding energy is overcome, charge separation (CS) produces free charge 
carriers; an electron and hole. As exciton binding energy is closely related to the dielectric constant, 
organic materials typically exhibit exciton binding energies between 0.5-1.0 eV.43, 44 After CS, the 
free electrons and free holes migrate to the electrodes through the donor and acceptor materials 
respectively, where charge extraction can occur.  
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Figure 1.1: The working principles of (a) inorganic solar cells where the energy gap (Eg) between 
the valence band (EV) and conduction band (EC) must be smaller than the energy of incident light 
for charge carriers to be generated; (b) organic bilayer solar cells where the ionisation potential (IP) 
and electron affinity (EA) are represented for the donor (D) and acceptor (A) materials respectively. 
Dashed arrows represent the diffusion of an excitonic species, with solid arrows representing the 
diffusion of free charge carriers.    
If both active layer materials absorb light within the solar spectrum, excitons can be generated 
in either the donor and/or acceptor materials, where charge extraction can occur by ‘Channel I’ or 
‘Channel II’ pathways respectively Figure 1.2(b),(c)]. The Channel I pathway assumes that the donor 
material is the majority absorber, with photoexcitation enabling electron transfer into the acceptor 
material. Conversely, the Channel II pathway assumes the acceptor material is the majority absorber, 
with photoinduced hole transfer into the ground state of the donor material.45 For efficient charge 
generation to occur, the donor and/or acceptor materials must have an optical gap sufficient for 
photoexcitation, with ionisation potentials (IP) and electron affinities (EA) adequately offset to 
overcome the exciton binding energy [Figure 1.2(a)].  
 
Figure 1.2: (a) A simple energy level diagram of a donor and acceptor solar cell device. Where: ΔEI 
is the energy offset between the EAD and EAA; and ΔEII is equal to the energy difference between 
IPD and IPA.VOC is the open circuit voltage as equal to the difference between EAA and IPD. (b) 
Photo-excitation of the donor material shown by Channel I pathway and; (c) excitation of the 
acceptor material shown by Channel II pathway. Eb
A
 and Eb
D are the singlet exciton binding 
energies of the acceptor and donor respectively. 
(a)                                                      (b) 
(a)                                                      (b) Channel I                                 (c) Channel II 
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For the Channel I pathway to occur, the energy difference (∆E) of the EAs of the two materials 
must be greater than the singlet exciton binding energy (Eb) of the donor material. For the Channel II 
pathway to occur, the difference in IPs must be greater than the Eb of the acceptor material. It is 
generally accepted that a minimum offset of 0.2-0.3 eV for either pathway is required.7,8 Furthermore, 
for maximum efficiency, the open circuit voltage (VOC), often represented by the difference between 
IP of the donor and EA of the acceptor (seen in [Figure 2a]), should be as large as possible as PCE is 
defined per equation (1) below: 
η (PCE) =  
𝑃𝑂𝑈𝑇
𝑃𝐼𝑁
 =  
𝐹𝐹 ∙ 𝐼𝑆𝐶 ∙ 𝑉𝑂𝐶
𝑃𝐼𝑁
  (1) 
FF = 
𝐼𝑚𝑝𝑝∙𝑉𝑚𝑚𝑝
𝐼𝑆𝐶∙𝑉𝑂𝐶
   (2) 
Where POUT is the total power generated by the cell and is dependent on: the fill factor (FF) 
as defined by equation (2); the open circuit voltage (VOC); the short circuit current (ISC); and the total 
power into the cell (PIN) – i.e, incident light falling onto the device. Impp and Vmpp are the current and 
voltage at the maximum output power, respectively. The VOC is the maximum voltage available from 
the device under illumination, measured when no current passes through the device. While the VOC is 
typically represented by the difference in IP and EA of the two materials, its value is not static and 
can be influenced by the energetic and conformational disorder of the materials at the donor-acceptor 
interface area, as well as the microstructure of the blend. As a result, the VOC measured from devices 
is generally smaller than that estimated by experimental methods such as cyclic voltammetry and 
photoelectron spectroscopy.46, 47 The ISC is the current due to formation and collection of light-
generated carriers when no external bias is applied and the voltage across the device is zero. 
Consequently, the current generated by photovoltaics is directly proportional to the area of the cell, 
and it is convention to list the short circuit current density (JSC) as measured in amps per metre squared 
(A/m2) or more commonly, milliamps per centimetre squared (mA/cm2). The JSC will be further 
influenced by the spectrum of incident light and corresponding absorption by the solar cell, as well 
as the charge generation rate and the ability of charges to migrate to the electrodes. For laboratory 
testing purposes, the spectrum of incident light is generally standardised to AM1.5. While the VOC 
and JSC are the maximum voltage and current respectively from the device, the net power generated 
at these points is zero. The FF provides a measure of ideality of the device, or how easily the photo-
generated carriers are able to be collected under the in-built potential and applied bias. It is a complex 
result of photon to charge carrier conversion mechanisms, highly dependent on the morphology of 
the active layer.48 The FF is determined by the ratio of the available power at the maximum power 
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point (Pmpp) to the product of VOC and JSC: graphically represented on the current-voltage curve as the 
ratio between two rectangular areas [Figure 1.3]. 
 
Figure 1.3: Typical current-voltage curve of an organic solar cell under illumination. Determination 
of fill factor, FF, represented by ratio of two rectangles where: Jmpp and VOC are current density and 
voltage at maximum power point (Pmpp) respectively. VOC is the open circuit voltage and JSC is 
current density under short circuit conditions.  
To understand the efficiency of solar cells across the range of the visible light spectrum, the 
external quantum efficiency (EQE) can be measured as a function of wavelength: 
EQE(λ) = 
charge carriers collected / second
incident photons / second
  (3) 
Where the number of charge carriers collected by the device is expressed as a percentage of 
the total number of photons of a given wavelength falling on the device. As the EQE depends on the 
number of collected charges, energetic losses and recombination processes within the device will 
cause a decrease in the EQE and performance of the device.  
Energetic losses within heterojunction devices are generally caused by: non-absorbing 
photons; relaxation of excitons which were unable to reach, and dissociate at, a donor-acceptor 
interface; recombination of an exciton at a donor-acceptor interface which was unable to fully 
dissociate (geminate recombination); or the recombination of dissociated free charge carriers (non-
geminate recombination). Non-geminate processes include the recombination of charges at the 
“incorrect” electrode, as well as recombination due to encounters with oppositely charged carriers 
within the bulk film.49-52  
1.3.2 Bilayer vs Bulk-heterojunction 
A common method to minimise these energy loses is to simultaneously deposit the donor and 
the acceptor materials via solution processing or thermal evaporation. Solution processing techniques 
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are favourable due to the decreased energetic and material costs, as well as the potential to upscale 
manufacture by roll-to-roll processing. Phase separation produces a bi-continuous network of donor 
and acceptor materials, referred to as a bulk heterojunction (BHJ) [Figure 1.4(b)].53, 54 However, it 
should be appreciated that there will also be regions of highly mixed donor-acceptor phases between 
the regions of pure material. Ideally, BHJ cells should have donor-acceptor domain sizes in the order 
of tens of nanometres, with pathways of pure material extending to both electrodes.55 As excitons 
typically demonstrate a diffusion length of 10-20 nm, the active layer morphology has been found to 
be critical in maximising PCE due to the relationship between domain size and interface area.56-58 
When the domain size is large (e.g., bilayer), poor charge generation occurs due to the inability of 
excitons to diffuse to, and subsequently dissociate at the limited number of donor-acceptor interfaces. 
This can lead to a low JSC and FF, and ultimately a poor PCE. Consequently, devices with large 
domains must contain a very thin active layer to ensure charges can migrate to nearby electrodes. 
However, if the junction is too thin, incomplete absorption of incident light can also result in a 
decreased JSC. Alternatively, while exciton dissociation can occur more efficiently if domain sizes are 
small, the increase in charge carrier density can lead to an increase in non-geminate recombination 
processes. Non-geminate recombination processes are further exacerbated if charge mobility is low; 
resulting in a decrease to JSC, FF and PCE. However, overlapping π-π orbitals between adjacent 
conjugated molecules have been found to assist in charge carrier transport.59-61 Unlike the bilayer 
structure where the donor and the acceptor materials are in contact with different electrodes, the free 
charge carriers created within a BHJ must be able to percolate through the mixed layer to their 
respective electrodes. Therefore, an ideal BHJ structure would provide a balance between phase 
separated domains to allow for efficient exciton separation at an interface, and extended lengths of 
pure material to provide percolation pathways for charge migration towards the electrodes. Additional 
layers such as poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) [Figure 1.5] 
can be used between the BHJ layer and the electrodes to facilitate charge injection and extraction, by 
modifying the roughness of the electrode and its relative work function.62-64 As PEDOT:PSS is 
relatively transparent within the visible light spectrum, it is usually deposited on top of the transparent 
electrode to allow light to enter the device.65 
1.3.3 Electrodes 
The most common transparent electrode used within the photovoltaic field is indium tin oxide 
(ITO) due to its high transparency and high conductivity.66 Oxides based on molybdenum (MoOx)67, 
tellurium (TeOx)68, titanium (TiOx),69 and zinc (ZnO)70 have also proved succesful. In an effort to 
avoid reliance on rare earth elements and the energy costs associated with the the evaporation of the 
brittle metal oxides, focus has turned to alternative transparent contacts. Thin metal films, nanowires, 
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and grids can provide highly conductive electrodes with signficant mechanical and chemical stability.  
Additionally, they can be deposited from solution to provide roll-to-roll processing on flexible 
substrates.71, 72 However, their high surface roughness prevents good contact with the active layer, 
limiting their application. Similarly, solution processesed graphene or carbon nanotubes (CNTs) 
demonstrate extremly high conductivities and mechanical flexibility.73-75 Unfortunately, their 
manufacture and incorporation into devices has proven to be difficult, with even small lattice defects 
causing an increase in sheet resistance.76, 77  
A low work function metal – a metal requiring a small amount of energy to remove an electron 
from the metal surface – acts as the second (and non-transparent) electrode. Aluminium and silver 
are most typical. To further reduce the work function, a thin layer of an alkali based metal is 
commonly deposited as an interlayer between the active layer and the cathode. Examples include 
calcium, barium, caesium carbonate, and lithium fluoride.78-81 The interlayer has an added benefit of 
preventing the electrode from penetrating the active layer upon thermal evaporation deposition; a 
source of shorted devices. A general OSC device structure can be seen in Figure 1.4.  
 
Figure 1.4: Stylised representation of common OPV device architectures: (a) bilayer 
structure and (b) a bulk heterojunction 
1.3.4 Active Layer 
Based on the understanding of charge generation and charge extraction mechanisms, ideal 
properties of organic materials for OPVs include: strong absorption within the solar spectrum; 
suitable IP/EA to promote exciton separation and to maximise the VOC; high charge carrier mobility 
commonly influenced by π-delocalisation and degree of aggregation; solution processable for ease of 
manufacture; and high thermal and chemical stability to allow for a long device lifetime. Optimisation 
of solution processing conditions is vital to achieve ideal domain sizes, with the resulting active layer 
morphology critical to the success of OPV devices. Solution processing techniques will be discussed 
later in this report.  
Some of the most common donor materials for OSCs are conjugated polymers such as such 
as poly(3-n-hexylthiophene-2,5-diyl) (P3HT) and poly[[9-(1-octylnonyl)-9H-carbazole-2,7-diyl]-
     (a)                                                  (b) 
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2,5-thiophenediyl-2,1,3-benzothiadiazole-4,7-diyl-2,5-thiophenediyl] (PCDTBT) [Figure 1.5]. These 
materials have high thermal stability, strong absorption in the visible light spectrum, and suitable 
IP/EA for charge separation and extraction when blended with fullerene acceptors. Due to high 
electron affinity and ideal charge transporting characteristics, [6,6]-phenyl-C61-butyric acid methyl 
ester, (PCBM), and its C70 derivative (PC71BM) have become the most widely utilised acceptor 
materials [Figure 1.5]. The 3D spherical structure of fullerenes combined with their tendency to 
aggregate, efficiently fill voids within the donor polymer network; effectively increasing charge 
mobility through continuous percolation pathways.82, 83 Based on the extensive research and 
optimisation of manufacturing techniques resulting in devices reaching more than 5% PCE,84, 85 
P3HT:fullerene cells are often considered a benchmark for organic solar cells, and used as a 
comparative standard when developing new technologies.86 Alternatively, the notably high 
photochemical stability of PCDTBT has enabled longitudinal studies in outdoor testing facilities to 
provide understanding of OSC behaviour under extended periods of stress, critical for the 
commercialisation of OPVs.87-89   
 
Figure 1.5: Structures of common materials used in OSCs 
Due to the low extinction coefficient across the visible light spectrum, poor photostability, 
and synthetically difficult functionalisation of fullerene materials, investigation into non-fullerene 
acceptor (NFA) materials is a rapidly growing field of research.90 Of the current NFA materials, a 
large portion are based on polymers,91-94 as well as non-polymeric molecules which are generally 
planar and aromatic.95-98  This report will refer to non-polymeric materials as “small molecules” for 
consistency with established literature; however, these materials typically have not-so-small 
molecular weights around 2000 Daltons (Da).  
1.4 Material Design to Improve OPV Performance 
With exploration into new materials, there is also the possibility of donor and acceptor 
materials to be tailor matched to each other, as seen appearing in recent literature.99-102 Optimisation 
of Channel I and Channel II pathways in a complementary fashion will ensure a maximum harvest of 
Chapter One 
 11 
 
solar energy. Structural manipulation of organic materials to improve device efficiencies 
predominately focuses on the alteration of the primary chromophore due to the influence on light 
absorption. However, side chain engineering and dielectric constant tuning are two other approaches 
which have also gained interest.  
1.4.1 Chromophore Manipulation 
Significant attention has focused on the development of new chromophores for both donor 
and acceptors materials to increase device efficiencies. The most recent advancements in organic 
semiconducting materials contain a number of popular core structures, primarily constructed from 
fused ring systems. The largely planar structures promote close intermolecular packing for efficient 
charge transport, while peripheral functional groups tune the absorption and energetic levels. By 
increasing the conjugation length and π-electron delocalisation, materials can achieve broader 
absorption at longer wavelengths to provide charge collection across a wider range of the solar 
spectrum, with enhanced JSC.
103-105 Increased material stability is often an added benefit of additional 
π-conjugation.106, 107  The combination of high electron affinity functional groups attached to less 
electron donating functional groups within a single molecule has also been shown to be beneficial for 
device performance due to intramolecular charge transfer processes and shifting of ionisation 
potentials and electron affinities.108-110   
1.4.1.1 Donor Materials 
Initial approaches to improve donor materials after the success of P3HT:fullerene cells 
focused on increasing the VOC by manipulation of the donor IP. Incorporation of benzothiadiazole 
functional groups to carbazole and fluorene based polymers resulted in PCDTBT111 and PFO-DBT112 
respectively; both displaying enhanced VOC values of ~0.9 V when blended with PC71BM. Fluorine 
as well as benzoyl substitution of PCDTBT was found to further increase the VOC to ~1 V.
113, 114 At 
the present time, the most common and efficient method for improving donor efficiencies is formation 
of narrow optical gap materials through alternating donor and acceptor moieties down the material 
backbone.115 Electron donating groups such as 2,7-carbazole (Cz),116 cyclopentadithiophene 
(CPT),117 benzodithiophene (BDT)118-120 and dithienosilole (DTS)121 are commonly combined with 
electron accepting units such as benzothiadiazole (BT), thienopyrroledione (TPD),122 
thienothiophene (TT),123 and diketopyrrolopyrrole (DPP)124, 125 [Figure 1.6].  
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Figure 1.6: Common electron donating and electron accepting groups used in the synthesis of 
narrow optical gap materials for organic solar cells.  
For instance, polymers such as PBDB-T which contain thiophene-substituted 
benzodithiophene (BDTT) and bisbenzo-dithiophenedione (BDD) groups, demonstrate notably high 
PCEs up to 14% when blended with ITIC based non-fullerene acceptors.126-129 Discrete small 
molecule donors based on benzodithiophene-terthiophene-rhodanine (BTR) building blocks by 
Geraghty130 also show promising efficiencies when blended with PC71BM [Figure 1.7]. In 
combination with solvent vapour annealing, extension of the single thiophene linking unit to a 
quaterthiophene derivative improved the PCE from 1.0% to 9.4%. An increase in device stability was 
also observed.    
 
Figure 1.7: High performing organic donor materials PBDB-T and BXR derivatives by combination 
of electron donating (red) and electron accepting (blue) moieties. 
1.4.1.2 Acceptor Materials  
Currently, high performing acceptor materials are often those based on aromatic diimides such 
as naphthalenediimide (NDI) and perylenediimide (PDI). Polymeric NDI materials functionalised 
with alkyl solubilising groups and aromatic linking groups demonstrate high electron mobilities, high 
electron affinity, high stability, and broad light absorption. Novel electron accepting materials PPDI-
DTBT and PFPDI-DTBT were developed with electron-deficient segments and blended with donor 
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PTB7-Th to produce promising devices with up to 6.2% PCE.91 Low bandgap acceptor and NDI 
based polymer N2200 [Figure 1.8] has demonstrated efficiencies up to 8% when paired with various 
donor materials.131-134 However, development of donor polymer PTzBI-Si by Fan et al.135 with 
absorption and energy levels complementary to those of N2200 provides the highest PCE (<10%) of 
all-polymer single junction devices. Notably, due to the increased solubility provided by the grafted 
siloxane side chains, deposition from green solvents was also achieved, demonstrating advancements 
towards more environmentally friendly OSC manufacture. While the PCE of fullerene-free polymer 
systems have progressed from the ~2% cells observed in 2011,136, 137 reproducing the polydispersity 
and molecular weight is a challenge, with batch-to-batch variation affecting device performance.138 
Twisting of the polymer backbone has also shown to reduce the planarity and crystallisation of 
domains, resulting in decreased charge mobilities. Small molecule acceptors (SMA) with discrete 
structures, ideally isolated from a concise chemical synthesis, are favourable alternatives. Early 
development of SMAs by Burn and Meredith focused on narrow optical gap materials to assist Chanel 
II charge generation pathways when blended with P3HT.139, 140 The materials, K12 and YF25, [Figure 
1.14] demonstrated high electron affinities due to inclusion of benzothiadiazole and dicyanovinyl 
units, with good solubility in common organic solvents. A maximum PCE of 1.4% was observed for 
P3HT:YF25 blends. Around the same time, small molecule PDI and NDI acceptors reached 
efficiencies above 3.0% when combined with donor material p-DTS(FBTTh2)2.
141-143  
 
Figure 1.8: High performing non-fullerene acceptors ITIC and N2200 with respective 
indacenodithiophene and perylenediimide core structures highlighted in blue.  
More recently, the newly developed indacenodithiophene material ITIC, [Figure 1.8] has 
boosted efficiencies from 6.5% in 2015144 to above 14% in 2018.100 A significant portion of record 
breaking devices reported in the last few years are attributed to this high performing acceptor material 
and its structural analogues.127, 145-151  Its success is attributed to strong and broad absorption into the 
near infra-red (NIR) region with IP/EA well matched to high performing donor materials. Theoretical 
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work completed by Pan et al.152 also suggests that ITIC forms more energetically favourable donor-
acceptor interfaces, leading to increased charge separation in comparison to fullerene derivatives. 
Most significantly, an organic and solution processed tandem device demonstrated PCEs as high as 
17.4% (Sept 2018) by utilising various wide bandgap materials, including ITIC derivatives F-M and 
O6T-4F.145, 153 
1.4.2 Side Chain Engineering 
While chromophore manipulation plays an important role in OPV material design, more subtle 
changes to solubilising side chain groups have a surprising impact on device performance. Side chain 
groups consisting of simple alkyl chains of varying lengths are often installed to improve solubility 
for solution processed devices. Branched derivatives (e.g., n-ethylhexyl, n-octyldecyl) are also 
common. However, physical properties such as crystallinity, melting point, material interactions, and 
molecular packing will also be influenced, and must be considered when engineering side chains for 
a particular chromophore. An ideal side chain will provide necessary solubility while maintaining a 
high molecular packing density with strong π-π interactions for increased charge mobilities.154-157 If 
too many solubilising side chains are added, suppression of the melting point to produce a softened 
material may result in devices with insufficient thermal stability.  Furthermore, long side chains have 
led to increased bimolecular recombination and poor charge transport.158 Conversely, if the side 
chains are too short or limited in number, low solubility will result in poor BHJ formation with poor 
device efficiencies. The number, length, shape, and position must all be considered to ensure 
maximum photocurrent conversion. 
For instance, positioning of side chains to decrease steric distortions within organic 
semiconducting materials has shown to result in an enhancement to the hole and/or electron 
mobilities, extinction coefficient, and device performance due to optimised film microstructure.159-
165 A series of random terpolymers by Huo et al164 which varied in side chain positioning demonstrate 
the subtle influence of alkyl substitution on the alignment and morphology of solution processed 
devices. Driven by changes to crystallinity and long range ordering, an increase in favourable charge 
transport characteristics led to efficiencies up to 12.1%, an improvement from the ~10% devices 
provided by more strained derivatives [Figure 1.9].  
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Figure 1.9: Molecular structure of random terpolymer donors with varying compositions of alkyl 
side chains where PCEmax refers to the highest recorded power conversion efficiency as reported by 
Huo et al.164 when the polymers blended with non-fullerene acceptor ITCPTC.149 
In a similar manner, inclusion of heteroatoms within side chains can induce hydrogen bonding 
between neighbouring ring systems to induce long range ordering for efficient charge transport.166-171 
Due to their strong electronegativity and small size, fluorine atoms decrease both IP and EA without 
inducing steric distortions. However, synergistic ﬂuorination of a polymer backbone and side chain 
thiophene groups by Xue et al.172 was able to improve device efficiencies from 3.5% to 6.1% due to 
an increase in crystallinity and hole mobilities induced by noncovalent F⋯H and F⋯S interactions. 
Notably, thermal annealing further improved the PCE of the highly fluorinated material to 11.6%. 
Thermally-induced phase separation provides domain sizes on the order of exciton diffusion lengths 
with devices showing a substantial decrease in charge recombination events. The molecular 
orientation at the donor-acceptor interface can further assist in charge generation as charge transfer 
in organic materials occurs preferentially outwards from the aromatic plane through sp2 hybrid π-
orbitals.173 Therefore, engineering side chains to promote face-to-face packing at an interface is more 
favourable than face-to-edge packing.174, 175    
Due to the complexity of solution processed BHJ morphologies and subtle differences 
provided by side chain variation, it is difficult to predict the resulting performance based on the 
molecular structure of solubilising groups alone. Ultimately, the major chromophore will dictate light 
absorption, with side chains enabling refinement to charge collection processes due to orientation 
upon a substrate, molecular packing, and phase separation within the active layer. 
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1.4.3 Tuning the Dielectric Constant 
An alternative approach towards material manipulation of organic materials with the aim of 
increasing efficiencies is to decrease the exciton binding energy. Materials with low exciton binding 
energies are able to efficiently separate into free electrons and free holes, limiting geminate 
recombination pathways. As described by the Wannier-Mott construct, the exciton binding energy is 
proportional to the inverse square of the dielectric constant (i.e., Eb ∝ 1/εr2).27, 44, 176 As a result, it is 
expected that increasing the dielectric constant of a material will decrease exciton binding energy, 
reducing the energy losses for exciton separation. A theoretical study by Koster et. al,176 demonstrated 
that if the dielectric constant of an organic material was able to reach ~10, the exciton binding energy 
would become negligible, and the device would function in the non-excitonic regime at room 
temperature similar to silicon and perovskite materials [Figure 1.10].  
 
Figure 1.10:176 Efﬁciency based on drift–diffusion calculations starting from the 7.4% record cell of 
PTB7/PCBM with layer thickness of 250 nm, showing the inﬂuence of the relative dielectric 
constant (black symbols), while keeping all other parameters ﬁxed. The exciton binding energy Eb 
strongly depends on the dielectric constant (blue symbols). By setting δ [IP-IP band offset energy] 
equal to the exciton binding energy, efﬁciencies (red symbols) are obtained that are comparable to 
those of inorganic devices. The green line denotes the efﬁciency in the radiation limit, whereas the 
other lines are drawn as a guide to the eye. 
The dielectric constant within organic materials can be influenced by a number of factors such 
as: the planarity of π-π systems; polarizability of the molecule; and the molecular tilt angle to the 
substrate surface.177 Additionally, according to the Clausius-Mossotti relation which relates the 
intrinsic qualities of a molecule its macroscopic bulk behaviour, the dielectric constant of a material 
can be related to its density, with increased density providing a higher dielectric constant.178 At 
present, there are a growing number of reports specifically dedicated to increasing the dielectric 
constant of organic semiconductors to improve device performance.42 
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A significant portion of these focus on the inclusion of oligo(ethylene glycol) units on donor 
and acceptor materials as means to increase the dielectric constant, although addition of fluorine 
atoms or cyano functional groups have also shown to be beneficial.179-181 The addition of glycol 
chains has been found to enhance the dielectric constant in two ways. First, the inclusion of carbon-
oxygen bonds increases the overall polarisability of the molecule; and second, a decrease to molecular 
packing is observed due to the increased flexibility compared to more sterically encumbered CH2 
saturated alkyl chains [Figure 1.11]. 
  
Figure 1.11: Illustration of the increased flexibility of ethylene glycol chains in comparison to alkyl 
chains on a simple fluorene chromophore (based on figure by Wang et. al182). dπ-π represents the 
distance between aromatic planes. 
One of the earliest attempts to increase the dielectric constant of an organic semiconductor 
was by Breselge et al. in 2006183, where glycol chains were introduced to a poly(p-phenylene 
vinylene) (PPV) polymer backbone. Compared to the reference material MDMO-PVV (εr = 3), 
replacement of the alkyl side chain with a single tri(ethylene glycol) chain increased the dielectric 
constant to 4.0, while the addition of a second tri(ethylene glycol) chain further increased the 
dielectric constant to 5.5 [Figure 1.12]. Although the dielectric constant was increased, there was no 
significant impact on the opto-electronic properties of the materials; with a measured hole mobility 
of approximately ~1 x 10-4 cm2V-1s-1 for all PPV based materials. Unfortunately, there was also no 
improvement in device performance; which was ultimately attributed to poor donor/acceptor 
miscibility of the glycolated materials with PCBM. A similar theme is observed in a number of works. 
The inclusion of glycol solubilising chains increases the dielectric constant and molecular packing 
density, with little influence on the opto-electronic properties. Unfortunately, glycolation also tends 
to decrease miscibility with common organic materials, and devices utilising the higher dielectric 
materials in BHJs show minimal improvement in overall performance.184-188  
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Figure 1.12: 183 Introduction of glycol chains to a poly(p-phenylene vinylene) (PPV) backbone to 
increase the dielectric constant (εr)  
1.5 Alternative Approaches to Improving OPV Performance 
It is clear that structural variation of the active layer materials can greatly influence the 
performance of the device due to absorption and charge extraction characteristics. The morphology 
in which the donor and acceptor coalesce in the film is also highly important to device performance, 
and must be considered when optimising donor/acceptor pairs. Unfortunately, due to the sheer 
number of available material combinations and their wide structural variety, accurate prediction of 
the best donor-acceptor pair is almost impossible to achieve. Pre-emptive screening procedures can 
select successful partners based on complementary absorption and suitable IP/EA levels.99, 101, 102 
Unfortunately, these methods do not indicate blend miscibility or any potential detrimental 
morphological constraints. Tools such as X-ray diffraction (XRD), neutron scattering, atomic force 
microscopy (AFM), transmission electron microscopy (TEM), and ellipsometry are all viable 
methods to probe the 3D characteristics of a film.189-195 However, these imaging techniques are better 
regarded as complementary tools in expanding the understanding of previously analysed device 
output characteristics. As these techniques are often time and cost intensive (or not widely available), 
they are not practical for everyday predictive optimisation processes.  
1.5.1 Empirical Trial and Error 
Currently, the most common method of improving solution deposited devices through 
morphological manipulation is to fabricate and test cells under a wide range of processing conditions 
to empirically determine the optimum fabrication conditions, with other measurements supporting 
the explanation. Obviously, this is both a laborious and material intensive process, with success not 
guaranteed. As both thermodynamic and kinetic mechanisms determine the final morphology of a 
film there are limited ways to streamline or predict which manufacturing technique will be successful 
unless all possible combinations are attempted. Common variations to optimise devices though 
manufacturing techniques include, but are not limited to: solvent type and concentration; solvent 
additives; film thickness; donor/acceptor blend ratio; method of deposition (i.e., spin-casting vs blade 
doctoring); and post deposition treatments (e.g. annealing). These techniques can all influence the 
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phase separation and ordering of BHJ films, leading to changes in charge generation and charge 
transport. While solvent additives and thermal annealing are the most commonly utilised methods,196 
a range of processing techniques will often be applied over a large number of substrates to draw 
conclusions and patterns from the resulting device performance.  
Post-deposition thermal annealing of BHJ films is a widely accepted and easily implemented 
method of improving device performance. Particularly effective on systems containing materials with 
a glass transition temperature (Tg), thermally induced reorganisation processes enable significant 
changes to the BHJ morphology.194, 197-200 A strong relationship between the annealing procedure and 
I-V characteristics is demonstrated across a number of systems due to crystallisation and diffusion of 
the active layer materials.201-209  
High boiling solvent additives (e.g., diiodooctane (DIO)) are added to adjust the rate at which 
one or more components are deposited from solution.142, 210-212 If materials have varying solubility in 
a selected solvent, phase separation is promoted by the less soluble material leaving solution while 
the more soluble material is increasingly concentrated in the liquid phase.142 Ideally, the mixture will 
coalesce into an interpenetrating network of donor and acceptor domains to maximise charge 
generation and charge extraction pathways. The amount of additive is critical to achieve a balance 
between mixing and de-mixing of the components. For example, addition of 0.4% DIO to a small 
molecule solution by Kyaw et al.213 increased the PCE from 6.3% to 8.0% due to the formation of 
optimal donor-acceptor domain sizes upon deposition. However, further increasing the DIO content 
to 0.8% resulted in over-aggregation of the donor phase and only 3.3% efficient devices. Complete 
removal of the high boiling additives from the film is also necessary to ensure photostability and long 
device lifetimes.214-217 Other successful solvent manipulations include deposition from solutions of 
varying concentrations,218 temperatures,219-221 and types.222, 223 More unique methods such as inverted 
film drying have also shown to increase device efficiencies.224  
While additives and annealing have enabled better morphologies, it is implemented on case-
by-case basis and requires fine tuning for each unique blend composition. The highest device 
efficiencies often result from a serendipitous encounter via extensive trial and error. If accurate 
predictions regarding ideal BHJ morphology could be successful, the material and time constraints 
currently imposed by empirical optimisation would be greatly minimised.  
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1.5.2 Predictive Methods 
1.5.2.1 Computational Simulations 
Simulation and computational modelling of OPVs is a rapidly evolving field which is able to 
provide accurate predictions of material morphology and charge extraction processes. Continual 
refinement of methodologies in conjunction with increasing computing power allows the complex 
nature of film formation to be explored in atomistic detail; providing insight into the relationships 
between material design, experimental imaging techniques, and device performance. Monte Carlo 
(MC) and molecular dynamic (MD) models utilise thermodynamic free energy minimisations of self-
assembly and equilibrium processes to provide a theoretical model of a known system at atomistic 
resolution. However, analysis of complex BHJ structures by MD is challenging due to current 
limitations of computing power. Long relaxation times of polymers make detailed modelling of 
complex systems difficult, necessitating structural simplifications by alternative methods such as 
coarse grained molecular dynamics (CGMD) or dissipative particle dynamics (DPD), where 
neighbouring atoms are analysed as a single particle.225-229 Unfortunately, due to the highly complex 
nature of solution processed BHJs (especially on large scale), simulations require a number of 
molecule specific models, requiring significant refinement based on experimental results to 
accurately reflect real-time morphological evolution.230-233 Therefore, computational methods for 
morphological understanding of BHJs predominately focus on P3HT and PCBM systems due to the 
significant volume of experimental reports providing ease of validation.234-242 While recent results 
are showing great promise on the cusp of complete device simulation,225, 230, 243 at this current time 
they cannot be reliably used to model or predict the behaviour of novel donor/acceptor systems 
without significant effort, and their use as a predictive tool for streamlined device manufacture is yet 
to be realised.  
1.5.2.2 Thermal Analysis 
Ideally, a simple in-house screening procedure to determine donor/acceptor compatibility 
would be both time and material friendly, to expedite the device optimisation process of novel blends. 
A potential candidate for simple analysis is thermal calorimetry. Recent reports demonstrate that 
calorimetric examination of blended materials can provide useful insights into the morphology of 
BHJ films as well as successfully identifying the optimum donor/acceptor ratio [Table 2.7]. 
Differential scanning calorimetry (DSC) is common-place in synthetic-materials laboratories, with a 
wide variety of potential applications across multiple fields.244-249   
The impact of blend ratio on resulting device performance has been investigated by a number 
of groups by thermal analysis using DSC [Table 2.7]. In particular, DSC analysis of P3HT/PCBM 
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blends by Müller et. al.250 showed the presence of a eutectic mixture at 65 wt% P3HT, where both 
materials solidify simultaneously to provide a film of finely intermixed components. The eutectic 
mixture for a binary system is defined by the intersection of the solidus and liquidus curves where 
the three phases (solidA+B; solidA/B and liquidB/A; and liquidA+B) are in equilibrium [Figure 1.13].
251 
 
Figure 1.13: Phase diagram of a two component system, highlighting the position of a eutectic 
mixture. SA and SB refer to the presence of solid A material and solid B material respectively, with 
L referring to the presence of a liquid phase 
Müller et al250 reported that the hypo-eutectic region with respect to P3HT (i.e., compositions 
at a lower P3HT percentage than the eutectic mixture) demonstrated the highest Jsc and PCE, which 
was stated to be independent of film thickness. Exploring the impact of P3HT molecular weight on 
BHJ morphology and photovoltaic performance, Nicolet et al62 mapped the phase diagrams of blends 
containing PCBM and P3HT of varing molecular weights by thermal methods. While the position of 
the eutectic mixture shifted with P3HT molecular weight, devices with a blend ratio equivalent to the 
eutectic mixture were found to provide the highest performance across all systems. Further DSC 
analyses on blends containing P3HT and/or fullerenes252-255  show that the phase behaviour of a blend 
correlates to its charge carrier mobility, morphological stability, and photovoltaic performance, as 
well as the underlying donor/acceptor miscibility. The strong correlation between the position of a 
eutectic mixture and hightened device performance is also reported to occur in systems containing: 
P3HT with non-fullerene acceptors YF25 and K12140; and a ternary system containing 
P3HT/PCBM/PCPDTBT256, 257.  
While not all reports discuss or display the presence of a eutectic mixture,252-254, 258, 259 DSC 
has been able to provide valuable insight into the morphology of complex OPV systems such as that 
by Ghasemi et. al.258 and a ternary system containing donor polymers FTAZ and PCPP3T, when 
blended with fullerene acceptor PC71BM. Although the opto-electronic properties of the three 
materials appeared theoretically well matched, the resulting device performance was unexpectedly 
poor. The authors completed a DSC study and concluded that the two donor polymers formed a 
Chapter One 
 22 
 
miscible and thermodynamically stable mixture. As a result, when blended from a single solution 
FTAZ and PCPP3T formed a mechanical alloy from which PC71BM was phase separated. Further 
investigation of charge transport characteristics demonstrated that this donor alloy significantly 
lowered the hole mobility and inhibited the hole extraction processes, and was the likely source of 
the poor device performance.  
 
Figure 1.14: Organic donor and acceptor materials investigated by DSC methods within the OPV 
field to determine phase diagrams of various BHJ systems. A summary of results is shown in  
[Table 2.7]. 
Utilising this information, a unique pseudo-bilayer device was manufactured by the sequential 
deposition of two binary BHJ layers (PDPP3T:PC71BM followed by FTAZ:PC71BM) to minimise the 
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interaction between the two polymers. The new methodology showed significant improvements in 
device performance (6.6%) compared to the traditionally manufactured ternary blend (~4.5%) where 
the three materials are cast from the one solution. The authors believe that this unique manufacturing 
technique was unlikely to stem from traditional device optimisation procedures, and the DSC thermal 
analysis was critical to their success.  
A summary of systems investigated by DSC methods within the OPV field demonstrates that 
the position of a eutectic mixture is closely correlated to the optimum blend ratio and highest device 
performance [Table 1.1]. Generally speaking, the hypo-eutectic region with respect to donor 
concentration will yield the highest efficiencies in systems containing a eutectic mixture [Table 2.7, 
Entry 1, 3, 11-13, 17, 18, 19]. However, the limited number of studies brings into question the general 
applicability of the method, particularly for those containing non-fullerene acceptors [Table 2.7, Entry 
18-21].  
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Table 1.1: Eutectic/phase behaviour and device properties of blend ratios analysed by DSC methods 
within the OPV field. (references cited here correspond to those cited in text). Relevant chemical 
structures are shown in Figure 1.14. 
 Donor Acceptor 
Mw 
(kg/mol) 
Đ 
Ce  
(WtD%) 
CPCEmax  
(WtD%) 
Ref. 
1 
2 
P3HT PCBM 9.6 1.3 60-65 60 255 
2   21.1 1.4 45-50 - 260 
3   22.0 1.6 65 50 250 
4   25.0 1.1 55-60 65 255 
5   34.1 1.7 # - 254 
6   35.0 1.8 - - 252 
7   47.3 1.5 40-45 - 260 
8   60.0 1.4 50-55 55 255 
9   64.0 2.0 - - 253 
10   118.5 1.3 35-45 - 260 
11 P3HT bis-PCBM 34.1 1.7 # - 254 
12 P3HT tris-PCBM 34.1 1.7 # - 254 
11 P3HT PC71BM 22.0 1.6 75 60* 250 
12 P3BT PCBM 8.0 - 40 10* 250 
13 P3DDT PCBM 49.0 1.4 85 60* 250 
14 MEH-PPV PCBM 144 3.2 - - 253 
15 MDMO-PPV PCBM 389 3.2 - - 253 
16 PDPP3T / FTAZ PCBM - / - - / - - - 258 
17 P3HT / PCPDTBT PCBM 65.5 / 47.0 2.0 / 1.3 40-60 30-50* 256, 257 
        
18 P3HT YF25 94.1 - 60 40 140 
19 P3HT K12 94.1 - 75 30 140 
20 P3HT hYF25 94.1 1.9 - 55 259 
21 P3HT hYF25-D 94.1 1.9 - 55 259 
Molecular weight (Mw) and dispersity (Đ) is reported for polymeric donor material(s). Ce is the eutectic 
composition listed as a percentage of donor content (WtD%) for blends reported to display eutectic behaviour. 
CPCEmax is the concentration of donor material at the highest PCE for blends tested within OPV devices. Dashes 
(-) signify unavailable/unreported data. # Reports of Ce were obtained by substantial extrapolation of the thermal 
data with significant question towards both the presence and value of reported eutectic mixtures. 
*Corresponding to maximum JSC.  
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1.7 Homojunction Devices 
While simulation and thermal analysis reports are showing promise regarding more 
economical BHJ device manufacture, the complex number of variables has prompted alternative 
approaches towards optimising OPV performance. Recent advancements in the understanding of 
charge generation mechanisms have encouraged the simplification of heterojunction devices into 
homojunction devices: where the active layer is comprised of only a single organic absorbing 
material. If a single active layer material is able to efficiency generate and extract free charge carriers, 
the morphological and material compatibility problems facing the almost limitless donor-acceptor 
combinations within heterojunction devices would no longer need to be considered.  
In fact, some of the earliest produced OPV cells were in simple homojunction devices. Tang 
and Albrecht261 in 1975 demonstrated the photovoltaic nature of chlorophyll when electrodeposited 
between two metal contacts. In 1958, Kallmann and Pope262 manufactured simple devices containing 
single crystals of anthracene using sodium chloride solutions with silver wire as the electrical 
contacts. The strong absorption of polyacetylene closely matching the solar spectrum prompted a 
number of groups to utilise the polymer in early OPV single layer devices.263-265 However as 
discussed previously, the leading problem inhibiting production of efficient organic homojunction 
devices is the separation of excitons into free charge carriers, governed by the exciton binding energy. 
The inbuilt electric field or thermal energy at room temperature was insufficient to overcome the 
exciton binding energy, and exciton dissociation only occurred when in contact with an organic-
electrode interface. Consequently, the devices demonstrated efficiencies less than 1% due to limited 
charge diffusion, with most excitons relaxing back to the ground state. More recent attempts to create 
homojunction devices by mimicking a BHJ in a single material through non-conjugated attachment 
of donor and acceptor groups to one another has been completed by Li et al. While technically 
comprising of a single material, the design flaws associated with binary blends still remain, with 
additional complexity of synthesis. Due to the restricted degrees of freedom separating the donor and 
acceptor groups, the resulting homojunction devices have unideal morphologies leading to significant 
recombination events and efficiencies below 0.5%. 
Additional approaches have focused on organic materials with: high and balanced charge 
carrier mobilities to enable good charge extraction; broad absorption across the solar window with 
high extinction coefficient to minimise the junction thickness; and low exciton binding energy for 
increased charge separation.266-268 Of these approaches, manipulation of the exciton binding energy 
is the least explored. While the work provided by Koster et al.176 showed that an increased dielectric 
constant will likely decrease the exciton binding energy, Burn and Meredith187, 269 demonstrated that 
it is the optical frequency dielectric response which is the most critical. Typically, the dielectric 
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constant is reported for the “low” or “static” frequency region (i.e., ɛlf ~102 to 105 Hz) as measured 
by electrical impedance. However, Burn and Meredith also discuss the value of dielectric constants 
up to 1015 Hz, as measured via a combination of spectroscopic reflectometry, transmission, and 
ellipsometry; referred to as the “high” or “optical” frequency region (denoted ɛhf).   
By synthesising monomeric, dimeric and polymeric cyclopentadithiophene materials of both 
alkylated and glycolated analogues, the influence of dielectric constant on homojunction performance 
was investigated [Figure 1.15]. Notably, the highest EQE response was observed from the material 
with the highest value of ɛhf, not ɛlf. In fact, the EQE response from the glycolated dimer outperformed 
a range of conventional semiconductor materials within a homojunction architecture [Figure 1.16]. 
The values of ɛhf for the glycolated dimer and glycolated polymer were are the highest reported values 
for non-ionic semiconductors thus far, which the authors attribute to the increased packing density of 
the materials as the glycol polarisations are expected to be too slow to contribute to the high-frequency 
response. Most importantly, the glycolated materials with enhanced ɛhf values demonstrate EQE 
onsets close to their optical gap when compared to their alkylated derivatives; suggestive of decreased 
exciton binding energies. 
 
 
Figure 1.15: Molecular structures of monomeric (M), dimeric (D), and polymeric (P) 
cyclopentadithiophene materials of alkylated (A) and glycolated (G) analogues as reported by 
Armin et al269 with corresponding dielectric constants at low (ɛlf) and high (ɛhf) frequencies. 
Commercially available PCPDTBT is the alkylated comparison for PG.  
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Figure 1.16: Homojunction EQE spectra of cyclopentadithiophene materials compared to several 
organic semiconductors commonly used within BHJ solar cells as reported by Armin et al269.  
 
1.8 Aims and Brief Introduction to Chapters 
This project focuses on two main approaches towards the improvement and understanding of 
OPV design and performance. 
Firstly, Chapter 2 will discuss the synthesis of a library of non-fullerene acceptors which were 
designed with the aim of producing compounds with a common chromophore attached to various 
structural motifs through careful molecular design. This approach was designed with two leading 
goals: 1) to investigate the impact of structural orientation, molecular packing and resulting 
morphology on device performance, and 2) to investigate if thermal analysis can be utilised as a 
predictive tool regarding the optimum donor-acceptor blend ratio, to minimise the currently 
capricious procedures required to maximise OPV performance. Non-fullerene acceptors were chosen 
to investigate the applicability of DSC methods on a wider range of materials than those currently 
reported. The synthesis of various triphenyl amine containing materials will be shown, where 
attachment to various core molecules will ideally manipulate the orientation and degrees of freedom 
between adjacent chromophores, ultimately influencing BHJ morphology and device performance 
without significant impact on light absorption or material properties. Chapter 2 will then proceed to 
summarise the optical and electronic properties of the synthesised materials. A DSC thermal analysis 
study will be discussed with application of Flory-Huggins theory to best understand the observed 
thermal behaviour. The insights gained from the thermal analysis in combination with XRD 
experiments will then be correlated with device output results to assess the relevance and accuracy of 
the relationship between thermal behaviour and device performance.  
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Secondly, Chapter 3 will show the synthesis of a library of glycolated organic materials which 
focuses on enhancing the dielectric constant. This approach was chosen with the aim of decreasing 
the exciton binding energy to enable the materials to function within organic homojunction devices 
to simplify manufacturing processes. Additional structural changes will be investigated in an attempt 
to enhance the optical frequency dielectric constant. Chapter 3 will cover the synthetic approach 
taken, as well as material characterisation and determination of dielectric constants. The dielectric 
constants will be analysed in the context of preliminary homojunction device performance and 
resulting EQE spectrum.  
In Chapter 4, the whole body of work will be briefly summarised, and will form the conclusion 
and outlook. 
Chapter 5 is the experimental section and will include all details of the synthesis and 
characterisation of the compounds prepared during this project.  
CHAPTER 2 
Investigating the Structure-Morphology Relationship with 
Differential Scanning Calorimetry 
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2.1 Introduction 
The overall aim of this project goal is to investigate the structural and morphological effects 
of non-fullerene acceptors on solution processed organic solar cell performance. A secondary aim of 
this project is to predict the ideal blend ratio of a unique donor-acceptor system by thermal analysis 
with differential scanning calorimetry (DSC). 
These goals will be achieved by synthesising a library of macromolecules with varying 
functional groups and structural scaffolds. An easily oxidised central core such as triphenylamine 
(TPA) can provide strong charge-transporting properties, while extension of the conjugation with C3 
symmetry can allow regular molecular packing with the potential for uniform film formation. 
Addition of thiophene and benzothiadiazole units can increase the conjugation length and thus narrow 
the optical gap, while attachment of alkyl groups can assist with solubility for device processing. By 
incorporating different periphery electron withdrawing groups (e.g., dicyanovinyl or rhodanine) 
changes in the IP and EA can be achieved to examine the impact on charge extraction. Due to the 
propeller-like shape of TPAs combined with the extension of conjugation with various aromatic 
groups, it is expected that highly stable and soluble materials will be formed; ideally with IPs and 
EAs suitable for use with common donor materials.  
Addition of the TPA moiety to a rigid structurally-locked compound such as tetra-substituted 
adamantane, will enable comparisons to film formation and device performance when the degrees of 
motion are restricted. The use of the alkyl based core prevents delocalisation between the four arms, 
while the restrictive tetrahedral-like conformation is expected to significantly influence the film 
forming properties and resulting morphology. Extending this concept, attachment of the previously 
established chromophore to a non-conjugated polymeric backbone is also expected to exhibit unique 
film forming behaviour and likely to influence the resulting device performance. By connection 
across a non-conjugated backbone, the orientation of chromophores will be largely restricted along 
one dimension without alteration of the primary chromophore. Some ordering between the polymer 
chains is expected (e.g., coils and/or sheets), however, the morphology will also be dependent on the 
length and polydispersity of such a sample.270 An illustration representing the relative 3D orientation 
of the three targets is shown in Figure 2.1. 
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Figure 2.1: Proposed structural scaffolds as highlighted in red (top) and an illustration 
demonstrating their relative 3D orientations (bottom) for: a) triphenylamine; b) polymer when n=8; 
and c) adamantane; when containing common chromophores as per Scheme 2.7.  
Once the acceptor molecules have been synthesised, the secondary goal of this project will be 
completed. In line with previous reports, a DSC study will be completed on donor-acceptor blends at 
varying concentrations. While its polymeric nature can be a detriment to device reproducibility, P3HT 
was chosen as a donor material to enable direct comparisons of this work to the established OPV field 
and current DSC studies. Thermal events will be graphed in reference to donor concentration with 
the aim of establishing a simple phase diagram of the system at hand. A series of OPV devices will 
then be manufactured at an analogous series of blend ratios, with the device output characteristics 
graphed in reference to donor concentration as per previous reports. If present, the eutectic mixture 
will be noted and correlated to device performance to determine the applicability of DSC as a pre-
screening tool for device optimisation.  
2.2 Synthesis 
2.2.1 Star Shaped TPA Compounds  
The target molecules [Figure 2.2] were designed based on the following considerations: a 
triphenylamine (TPA) core was selected for its ease of oxidation with additional benefits of C3 
symmetry to allow regular molecular packing with the potential for uniform film formation. A 
thiophene unit was included to extend conjugation and provide maximum photon absorption by 
reducing the optical gap, while the n-hexyl chain was added to increase the solubility as some highly 
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planar aromatic molecules are reported to be insoluble in common organic solvents. Extension of the 
conjugation by the benzothiadiazole (BT) unit should lead to a further red shift of the absorption, 
while also increasing the electron affinity – a necessary feature of an electron acceptor. Finally, the 
electron withdrawing dicyanovinyl unit was added to increase the overall electron affinity of the 
compound.271, 272 While this target was previously made and implemented in devices for proof of 
concept, neither the synthetic pathway nor the device performance were optimised, necessitating 
further investigation within this project. To extend this research further, n-ethylrhodanine was 
selected as an alternative end-capping unit as to allow fine tuning of the electron affinity due to 
variance in electron withdrawing strength to that of the dicyanovonyl unit. 
 
Figure 2.2: Target compounds DCV-H and Rho-H 
2.2.1.1 Proposed Synthetic Strategies 
The synthetic pathway of the two materials was planned to follow common intermediates, as can 
be seen by a retrosynthetic analysis in Scheme 2.1. For clarity, only one arm is shown with the other 
arms expected to undergo the same transformations.  
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Scheme 2.1: Retrosynthetic pathway of target compounds DCV-H and Rho-H 
The first disconnection was taking the terminal unit of the target compounds back to the 
corresponding aldehyde and malononitrile/ethylrhodanine units. It was anticipated that the 
Knoevenagel condensation would occur in good yields resulting in a mixture of E/Z isomers in the 
case of the rhodanine derivatives. Based on previously reported work containing benzothiadazoles, it 
was necessary to protect the aldehyde group for efficient palladium cross coupling; with the 
subsequent retrosynthetic step going from the aldehyde 2.1 to the acetal 2.2. It was predicted that the 
benzothiadazole-thiophene bond could be formed by a direct arylation cross coupling rection between 
with the alpha position of n-hexylthiophene on the triphenylamine core 2.3, and a brominated 
benzothiadiazole unit. Connecting the triphenylamine core 2.5 with the 3-n-hexthiophene 2.4 can be 
predicted to occur though a Suzuki coupling, with one unit brominated, and the other substituted with 
a pinacol ester functional group, providing the final disconnection to commercially available starting 
materials.   
2.2.1.2 Synthesis and preparation 
To attach 3-n-hexylthiophene 2.4 to the triphenylamine core 2.5, two parallel Suzuki couplings 
were attempted to compare the effectiveness of having the boronic pinacol ester on either the 3-n-
hexylthiophene unit or the triphenylamine centre [Scheme 2.2]. 3-n-Hexylthiophene was synthesised 
in accordance to literature procedure via a Kumada coupling, ensuring all solvents and reagents were 
thoroughly water and oxygen free to prevent the quenching of the thiophen-2-ylmagnesium bromide 
intermediate. The resulting colourless oil was brominated at the alpha (C2-) position with strictly 1.0 
eq of n-bromosuccinimide (NBS) with temperature control at 0 °C to prevent over-substitution at the 
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C5- position in line with literature procedures.273 Furthermore, the reaction was carried out in the 
absence of light to avoid radical bromination of the n-hexyl side chain. 2-Bromo-3-n-hexylthiophene 
2.8 was utilised directly [Route A of Scheme 2.2]; as well as for the synthesis of 2-(3-n-
hexylthiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 2.9 by formation of a Grignard reagent 
and quenching with 2-iso-propoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane, for use within Route B 
(the reverse of Route A). It was found that 2.9 was sensitive to hydrolysis when purified using 
traditional column chromatography over silica. While this does not limit the reactivity of the 
molecule, it can drastically decrease the yield due to the strong adsorption onto silica. As a result, 2.9 
was used without further purification as any excess starting materials or side products (2-bromo-3-n-
hexylthiophene and/or 3-n-hexylthiophene), would not interfere with the isolation of desired product 
in the subsequent Suzuki coupling reaction.  
The coupling partners for the n-hexylthiophene unit were two different TPA derivatives, which 
were synthesised in accordance to literature procedures. Commercially available TPA was thrice 
brominated with NBS to produce tris(4-bromophenyl)amine 2.6, which was directly utilised in Route 
B [Scheme 2.2] in addition to transformation into  tris(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)phenyl)amine 2.7 via a reported Miyaura Borylation method.274 Purification of boronic ester 2.7 
was completed by recrystallisation (in comparison to reported column chromatography on silica) as 
to ensure the complete removal of bis(pinacolato)diboron; allowing for quantitative use in subsequent 
steps. 
 
Scheme 2.2: Parallel synthetic routes for formation of tris[4-(3-hexylthiophen-2-yl)phenyl]amine 
with yields listed. 
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Two parallel Suzuki couplings [Scheme 2.2, Route A and B] were completed by standard 
methods utilising Pd(PPh3)4 as a source of Pd(0), and aqueous base in dimethoxyethane (DME), with 
heating at 85 °C overnight. DME was chosen as a solvent due to its relatively high boiling point (85 
°C), water miscibility, and added advantage of suppressing both homo-coupling and the deboronation 
of organoboronic acids; particularly within systems containing electron rich heterocycles (i.e., Route 
B).275-277 Route A was found to be higher yielding than Route B (92 % in comparison to 64 %), which 
is likely due to the quantitative isolation of both starting materials. While the thiophene boronic ester 
2.9 was added in excess for Route B, the decreased yield may result from reaction with contamination 
product 2-bromo-3-n-hexylthiophene, producing 3,3'-dihexyl-2,2'-bithiophene. Alternatively, while 
DME has been found to supress unwanted side reactions, partial decomposition of starting material 
2.9 may still occur, resulting in the decreased yield in Route B.  While the overall two-step yields of 
both routes are comparable, the ease of isolation for starting materials 2.7 and 2.8, in addition to the 
high yielding Suzuki reaction, enables Route A to be an efficient, and preferred pathway for the 
formation of tris[4-(3-n-hexylthiophen-2-yl)phenyl]amine, 2.3. Isolation of 2.3 provides a highly 
viscous light yellow oil. The next step in the synthesis required the preparation of 
benzo[c][1,2,5]thiadiazole (benzothiadiazole) units. The benzothiadiazole unit was synthesised in 
accordance to literature procedures by the following steps [Scheme 2.3].278, 279 
 
Scheme 2.3: Synthetic scheme to 4-bromo-7-(1,3-dioxolan-2-yl)benzo[c][1,2,5]thiadiazole 2.15. 
The first step in the synthesis was the reduction of commercially available 2-methyl-6-
nitroaniline 2.10 by refluxing with aluminium foil and ammonium chloride in methanol for 24 hr.280 
The use of these conditions is quite mild in comparison to commonly employed nitro-aromatic 
reductions with activated metals (e.g., tin, iron and zinc) in the presence of acid.281 The crude product 
was used without further purification in the following ring closing cyclisation. Addition of thionyl 
chloride to a solution of diamine created the desired product 2.12. However, rapid evolution of 
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hydrochloric acid and sulfur dioxide leads to a significant volume of noxious fumes. Therefore, an 
excess of triethylamine was added to the initial reaction mixture as to quench hydrochloric acid by 
formation of a salt; solubilising the acidic vapour. Steam distillation provided the desired 4-
methylbenzo[c][1,2,5]thiadiazole 2.12 in a 60 % yield for the two steps. From the methylated 
derivative, two sequential brominations were completed to form the tri-brominated intermediate 2.13. 
The first bromination completed with elemental bromine in hydrobromic acid, preferentially 
brominates the quinoidal CH position, while the second bromination with NBS and radical initiator 
AIBN (1,1'-azobis(cyclohexanecarbonitrile) provided the addition of bromine atoms at the benzylic 
position to produce 2.13 in a two-step yield of 54 %. Hydrolysis of 2.13 with sodium acetate in acetic 
acid yields aldehyde 2.14 in a 55 % yield. As discussed within the retrosynthetic analysis, previous 
work has found that the aldehyde derivative, 2.14, is not suitable for direct C-H activated arylations 
due to functional group interference leading to low yields and unwanted by-products.278, 282, 283 
Therefore, the aldehyde functional group was protected with ethylene glycol in a refluxing solution 
containing p-toluene sulfonic acid and toluene fitted with a dean stark condenser. The acetal 
derivative was isolated in a 91 % yield. To attach the benzothiadiazole units to the central moiety a 
palladium catalysed CH activated direct arylation was expected to be suitable. Typical direct arylation 
conditions utilise a transition metal catalyst with an inorganic base in high boiling polar aprotic 
solvents such as N,N-dimethylformaldehyde (DMF), acetonitrile, dimethyl sulfoxide (DMSO) or 
N,N-dimethyl acetimide (DMA). The addition of pivalic acid has been found to be particularly 
beneficial for systems containing simple arenes, by acting as a proton shuttle to increase the reactivity 
of the catalyst.284, 285 More specifically, when potassium carbonate is employed as the base, pivalic 
acid creates potassium pivalate in situ which facilitates C-H bond cleavage of C5 thiophene protons 
through coordination of the palladium catalyst.284, 286, 287 Therefore, the proposed conditions for the 
direct arylation are; thiophene-TPA central moiety 2.3, brominated benzothiadiazole unit 2.15, 
potassium carbonate, pivalic acid, and DMA as the solvent. 
The direct arylation was undertaken with 2.3 and 2.15 at 100 °C overnight, with the crude 
material treated with a 1:10 mixture of 3M HCl to tetrahydrofuran (THF) solution to reinstate the 
aldehyde functionality before purification via chromatography on silica. Isolation of the acetal 
derivative was attempted. However, due to their susceptibility to hydrolysis a pure sample was never 
recovered. Unfortunately, initial attempts at the direct arylation were low yielding, with the di-
substituted derivative 2.16 [Scheme 2.4] the major isolated product as indicated by mass spectrometry 
and 1H NMR. Some homo coupling of the benzothiadazole unit 2.15 was also observed, which is a 
commonly reported feature of direct arylations.288, 289 The quanitity of homocoupling is reported to 
depend on the reaction temperature as well as the catalyst and nature of coordinating base.287 
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Therefore, to increase the product yield, the reaction temperature was increased to 130 °C. A one off 
isolated yield of 54% for 2.1 was recorded; however attempts to repeat the reaction were unsuccessful 
with isolated yields averaging only 15%. The source of the low yields is still unknown, and will 
require further optimisation. The target aldehyde intermediate 2.1 was confirmed via mass 
spectrometry and 1H NMR, with the characteristic aldehyde C=O stretching frequency observed via 
FTIR at 1683 cm-1. 
 
Scheme 2.4: Synthetic scheme to aldehyde intermediate 2.1, with common by-product 2.16. 
To produce the target structures DCV-H and Rho-H, attachment of electron withdrawing 
groups, dicyanovinyl and ethylrhodanine, were expected to occur by Knoevenagel-like condensation 
with 2.1 [Scheme 2.5]. For the formation of DCV-H, aldehyde 2.1 was reacted with malononitrile in 
the presence of catalytic pyridine in toluene, with heating at 60 °C for 2 hr. A twentyfold excess of 
malononitrile was used per site to ensure complete reaction, with the excess easily removed by 
reprecipitation of the reaction mixture, where malononitrile remains in the filtrate. Should DCV-H 
be purified by chromatography over silica, it is essential for the column to be first neutralised with a 
triethylamine solution as to avoid acid catalysed hydrolysis of one or more of the dicyanovinyl 
groups. The target product was confirmed by high resolution mass spectrometry calculated for 
C78H63N13S6 [M]
+ = 1373.3648 and found at 1373.3656, with an isolated yield of 61%. Furthermore, 
no distinctive aldehyde functionality was seen in either 1H NMR or FTIR. There was complete 
removal of C=O signal at 1683 cm -1 within FTIR with addition of a sharp peak at 2223 cm
-1; typical 
Chapter Two 
 38 
 
of CN triple bonds. The sample was confirmed to be pure with elemental analysis calculated for 
C78H63N13S6: C, 68.14; N, 13.24; H, 4.62; S, 13.99 with found C, 68.13; N, 13.01; H, 4.67; S, 13.74.  
 
Scheme 2.5: Synthetic scheme to target compounds DCV-H and Rho-H. 
The synthesis for target compound Rho-H is completed in a similar way to that of DCV-H. 
However, the Knoevenagel condensation is completed in chloroform (CHCl3) (45 °C, 2 hr), with a 
tenfold per-site equivalence of n-ethylrhodanine, and catalytic piperidine [Scheme 2.5]. Excess 
rhodanine was removed in the purification process, where precipitation and subsequent washings will 
retain impurities within the filtrate, isolating the target compound Rho-H as a dark black solid in an 
85 % yield. Upon purification, Rho-H was found to have limited solubility in common organic 
solvents (such as THF, DCM, CHCl3, Et2O), which was thought to be due to large amounts of π-π 
aggregation. The proton signals within the aromatic region of 1H NMR were often broad and doubled 
(while the aliphatic region remained singular), with resolution provided by dilution of the sample as 
can be seen in Figure 2.3. Furthermore, the presence of small impurities was found to greatly improve 
the solubility of Rho-H; likely due to disruption of the aggregates. Initial attempts of purification via 
column chromatography over silica were unsuccessful even after neutralisation with triethylamine, 
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due to hydrolysis of one or more of the arms reverting back to the aldehyde functionality. Care needs 
to be taken when handling the final product to ensure no hydrolysis occurs. Interestingly, attempts at 
purification with column chromatography also isolated a small amount of an additional by-product 
with similar colour and polarity to that of the target compound. As no aldehyde C-H peak was 
observed within 1H NMR, it was thought that this might be an intermediate species.  
 
Figure 2.3: 1H NMR spectrum of aromatic region of Rho-H: in concentrated solution (red); and 
diluted sample (blue). * are residual solvent signals 
Two mechanisms for the Knoevenagel condensation have been confirmed: the Knoevenagel 
condensation mechanism (as originally proposed by Emil Knoevenagel); and the Hann and Lapworth 
mechanism. The Knoevenagel condensation mechanism has been shown to proceed by formation of a 
Schiff base by direct addition of piperdine to the aldehyde, releasing water. The base activated 
methylene (i.e., ethylrhodanine) attacks the imine, with proton transfer and rearrangement yielding the 
target alkene.290-292 In comparison, the Hann and Lapworth mechanism has shown piperidine to be an 
effective catalyst in deprotonation of the active methylene to form a carbanion, which undergoes 
nucleophilic addition with the aldehyde. The catalytic base is regenerated with the formation of water 
upon dehydration of the aldehyde.290, 293 Identification of each mechanism has previously been 
determined by the isolation of key intermediates: a bis(dialkylamino) species (Knoevenagel), or a β-
hydroxy intermediate (Hann and Lapworth). While it is possible for both mechanisms to be 
simultaneously occurring within the reaction vessel, the isolated intermediate is suspected to result 
from the Hann and Lapworth pathway due to distinctive peaks within the 1H NMR spectrum [Figure 
2.4]. The mechanism for the Hann and Lapworth condensation between ethylrhodanine and 2.1 via a 
β-hydroxy intermediate [Figure 2.5] is shown in Scheme 2.6. Note that only one arm is shown for 
clarity; the same transformation is expected to occur on all three arms. 
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Figure 2.4: 1H NMR regions containing additional peaks of hydroxyl intermediate RhoOH (red), 
compared to isolated target compound Rho-H (blue). * Is residual solvent satellite peak 
 
 
Figure 2.5: Identification of syn and anti conformers of hydroxy intermediate RhoOH. Partial 
structure drawn for clarity. Proton assignment correlates to 1H NMR spectrum in Figure 2.4 
Additional peaks (in comparison to pure compound Rho-H) were seen: multiplets spanning 
~3.8-4.1 ppm; two doublets at 5.5 and 5.6 ppm; and additional doublets within the aromatic region at 
7.8 and 8.0 ppm [Figure 2.4]. Isolation of β-hydroxy intermediates have been previously reported; 
where the observed peaks at ~4.0 ppm and ~5.5 ppm were in good agreement with vicinal coupled 
protons of both syn and anti conformations.294, 295 Based on these reports, the doublets at 5.6 ppm 
(1H, J = 10 Hz) and 5.5 ppm (1H, J = 8 Hz) are assigned to proton Hb [Figure 2.5] on respective 
isomers, anti and syn, due to the relative difference in coupling constant. As hydrogen bonding is 
expected to occur between the β-hydoxy group and the carbonyl on ethylrhodanine, syn isomers will 
have a predominately gauche relationship between Ha and Hb, while anti isomers will have an anti-
relationship. In accordance to the Karplus equation, protons with decreased dihedral angle will have 
lower coupling constants (3J).296-298 The reaction gives similar selectivity of isomers, with an 
estimated syn:anti ratio of 45:55 calculated from 1H NMR. No clear distinction can be made between 
the overlapping multiplets spanning ~3.8 - 4.2 ppm, however based on similarly reported compounds, 
these can partially be assigned to Ha of both isomers.
294 The remaining contribution is expected to 
occur from the ethyl protons (CH2, CH3) on the rhodanine unit. The two new aromatic doublets [7.8 
ppm (1H, d, J = 8 Hz, BTb) and 8.0 ppm (1H, d, J = 8 Hz, BTa)] are therefore expected to result 
from the benzothiadiazole protons due to their new environment on the hydroxylated intermediate. 
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The doublets both show a slight shadowing of peaks, expected to occur due to contributions from 
both syn- and anti-isomers. The integration of all additional peaks against those corresponding to the 
pure target compound, suggest approximately 25 % of available sites within the sample contain the 
hydroxyl intermediate (i.e., one of the three arms). While isolation of this intermediate provides 
interesting insight into the mechanism of condensation, it was easily removed via precipitation and 
posed no concerns for the purity of the final compound. Confirmation of the target compound was 
seen via high resolution mass spectrometry calculated for C84H78N10O3S12 [M]
+ = 1658.2901; found 
at 1658.2922. Both 1H NMR and FTIR did not show the presence of either an aldehyde or hydroxyl 
peak; with FTIR signals corresponding to ethylrhodanine seen at 1130 (C=S), 1235 (C-N), and 1707 
(C=O) cm-1. Elemental analysis confirmed the purity of the sample, with calculated: C, 60.76; N, 
8.44; H, 4.74; S, 23.17 and found: C, 60.62; N, 8.05; H, 4.56; S, 23.02.  
 
Scheme 2.6: Hann and Lapworth condensation mechanism for reaction between ethylrhodanine, 
aldehyde2.1, and catalytic piperidine via β-hydroxy intermediate. Note that only one arm is shown 
for clarity, transformation is expected to occur on all three arms. 
2.2.2 Compounds with Alternative Structural Scaffolds 
A secondary set of targets within this project was aimed at investigating and predicting the 
role of molecular structure on device performance. Recent literature has shown the morphology of 
films is dominated by the arrangement of donor and acceptor materials and is highly critical to the 
performance of devices. The TPA materials DCV-H and Rho-H discussed previously has a star 
shaped “propeller-like” structure, with twisting of the three arms extending from the sp3 hybridised 
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triphenylamine core due to steric interference.299, 300 While there is a small degree of twisting around 
the central unit, both materials are expected to remain planar along the length of each arm, as indicated 
by reports of similar derivatives.301, 302 The planar nature of the chromophores will likely promote 
intermolecular π-π interactions and ordering, which has been shown to be beneficial for charge 
migration.303 The high degree of aggregation previously discussed for Rho-H is also supportive of 
this fact. For a structural analysis investigating alternative molecular arrangements and their impact 
on film morphology, the chromophores should be restrained into more rigid confirmations with 
orientation across multiple axes. It is predicted that a more 3D-like arrangement of chromophores 
will create a significantly different morphology in comparison to the star-like materials, which will 
be investigated in correlation to device performance. Furthermore, orientation across multiple axes 
may enable isotropic charge migration through the films (similar to fullerene derivatives); improving 
device performance.304  
Based on these considerations, two alternative structural scaffolds are proposed: a tetra-
substituted adamantane derivative; and a non-conjugated polymeric derivative [Figure 2.1]. The 
adamantane unit was thought to be an ideal candidate due to its ridged tetrahedral-like conformation 
when extended from four opposing faces. Consequently, any attached chromophores will be locked 
within their orientation; restricting the degrees of motion during film formation. The aliphatic core 
prevents delocalisation across the four arms, allowing structural comparisons when the attached 
chromophore remains largely the same. In a similar manner, the polymeric derivative will provide an 
intermediary spatial restriction between the planar star shaped derivatives, and the perpendicular (or 
3D) locked adamantane derivative. By connection across a non-conjugated backbone, the orientation 
of chromophores will be restricted across one dimension without alteration of the primary 
chromophore. Some ordering between the polymer chains is expected (e.g., coils and/or sheets), 
however, the morphology will also be dependent on the length and polydispersity of such a sample.270 
An estimated 3D representation of the three targets is shown in Figure 2.1. 
2.2.2.1 Proposed Synthetic Strategies 
Synthesis of these materials was proposed to be completed in line to that of the star shaped 
materials DCV-H and Rho-H: a central triphenylamine unit will undergo stepwise addition of n-
hexylthiophene, benzothiadiazole, and peripheral electron withdrawing group (dicyanovinyl and 
ethylrhodanine). However, in this case, the chromophore extension will be completed on two of the 
three central phenyl rings, with independent functionalisation of the third phenyl ring providing an 
attachment point for the triphenylamine to the new scaffolds. A retrosynthetic analysis can be seen 
below in Scheme 2.7 and Scheme 2.8.  
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Scheme 2.7: Retrosynthetic analysis of adamantane and polymeric derivatives  
The first disconnection in the retrosynthetic analysis for the adamantyl derivative 2.17 is the 
removal of chromophores from the four attachment sites to provide the functionalised core 2.18 and 
di-substituted TPA component 2.21. Sonogashira cross coupling reaction is predicted to be an 
efficient method for attachment of both the dicyanovinyl, and ethylrhodanine derivatives to the 
adamantyl core. The first polymeric disconnection begins with the formation of a monomer alkene 
unit 2.20. The alkene monomer is expected to undergo radial initialised polymerisation to provide 
polymer 2.19 with low polydispersity, minimising batch to batch variation. The monomer can be 
further disconnected into the di-substituted chromophore 2.22 and commercially available 4-
vinylphenyl boronic acid 2.21. A Suzuki coupling is expected to provide easy attachment of the vinyl 
unit to a halogenated chromophore. The two armed chromophore is a common intermediate for both 
the adamantane and the polymeric derivatives, simplifying the synthetic pathways. A retrosynthetic 
analysis of the two armed chromophore is seen in Scheme 2.8. 
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Scheme 2.8: Retrosynthetic analysis of common, di-substituted intermediate 2.22. 
To utilise Sonogasheria and Suzuki palladium cross coupling reactions for attachment  of the 
common two armed chromophore to adamantane and 4-vinylphenyl boronic acid, it was planned to 
form an iodinated material for both dicyanovinyl and ethylrhodanine derivatives 2.22. An iodinated 
species was chosen due to its increased reactivity (over other halogens) to ensure viability of both 
pathways. The two iodinated derivatives can be taken back to the corresponding aldehyde 2.23 and 
respective small molecule. As used for the star shaped materials, a Knoevenagel condensation was 
planned to be used for the final functional group interconversion. The iodinated material can result 
from the protonated derivative 2.24, which can be formed by the addition of two beznothidiazole 
units onto the thiophene-TPA core 2.25 via direct arylation as discussed previously. It was anticipated 
that careful selection of reaction conditions would be necessary to ensure only di-substitution occurs. 
Connecting the triphenylamine core 2.5 with the 3-n-hexthiophene 2.4 was predicted to be able to 
occur though a Suzuki coupling, with the thiophene brominated, and the triphenylamine containing 
pinacol ester functional groups, providing the final disconnection and readily available starting 
materials.   
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2.2.2.2 Synthesis and Preparation  
2.2.2.2.1 Adamantyl Derivative 
The strategies for the synthesis of the two armed derivative will follow closely to those derived 
for the three armed star shaped materials discussed above, but restricting reagents to two equivalents 
in relation to the TPA core to avoid over-substitution. A synthetic scheme can be seen below in 
Scheme 2.9. To attach the two n-hexylthiophene units onto triphenylamine, starting materials 2-
bromo-3-n-hexylthiophene, 2.8, and n-phenyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-N-(4-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)aniline, 2.26, were synthesised and isolated 
according to literature procedures.48,49 The triphenylamine core was first brominated using strictly 
two equivalents of NBS, and by keeping the reaction mixture cool, over-bromination was avoided. 
Puficiaton via chromotography on silica was sufficient to remove unwanted by-products.  From the 
brominated material, lithiation followed by quenching with 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane enabled boronic ester 2.26 to be isolated in a 50 % yield. The Suzuki coupling was 
completed as per the optimised conditions discussed above to isolate 2.25 as viscous oil in a 70 % 
yield. While the direct arylation was expected to preferentially substitute at the alpha thiophene 
positions, there was concern that substitution would also occur at the open phenyl position if 
conditions were too harsh. A test reaction was completed where the temperature was slowly increased 
from room temperature to 90 °C, with formation of products monitored via TLC. The reaction 
conditions for the direct arylation were chosen as per the discussion previously: di-substituted 
thiophene-TPA moiety (2.25); brominated benzothiadiazole unit (2.15); potassium carbonate; pivalic 
acid; and DMA. The acetal protected benzothiadiazole, 2.15, was again used as to prevent functional 
group interference. As observed via TLC, mono-substitution occurred quickly at 40 oC, with a small 
amount of di-substituted material forming at 50 oC. It was only when the reaction was heated at 80 
oC did the desired product become the major component. However, small amounts of additional by-
products were also formed at this temperature.  Provided the equivalents of benzothiadiazole are kept 
at two equivalents, it was anticipated that the major component should be the desired product, 2.24. 
However, due to the propensity of the benzothiadiazole material to homo-couple at lower 
temperatures, the balance between under-substitution and over-substitution was found to be difficult 
to maintain. It was therefore not unreasonable that after deprotection of the acetal group followed by 
purification by chromatography on silica, a maximum yield of only 36 % was recorded for 2.24. In 
an attempt to promote increased selectivity and higher yields of 2.24, alternative reaction pathways 
were attempted.  
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Scheme 2.9: Synthetic scheme for formation of di-substituted material 2.24 
To ensure reactivity was selective for the thiophene units, it was anticipated that direct 
functionalisation would allow alternative palladium cross coupling reactions to be completed. Based 
on similarly reported literature procedures, lithiation with n-BuLi, was expected to deprotonate the 
thiophene positions, with quenching by either 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 
or tri-n-butyltin chloride, allowing respective Suzuki or Stille coupling reagents to be formed.305 
Unfortunately, attempts at both procedures were unsuccessful, with a significant amount of mono-
substitution observed. As the functionalisation of the thiophene units was low yielding, attempts at 
the Suzuki and Stille cross coupling reactions were not completed as they demonstrated little 
advantage over the already established direct arylation procedure.   
 To enable attachment of the two armed molecule to the adamantane core by palladium cross 
coupling reactions, a halogen had to be introduced [Scheme 2.10]. From the purified two armed 
aldehyde compound, 2.24, iodination at the para position of the free phenyl ring was completed in 
tetrahydrofuran at room temperature with iodine and [bis(trifluoroacetoxy)iodo]benzene as a source 
of hypervalent iodine. The use of hypervalent iodine for aromatic halogenations has been found to be 
beneficial due to high yields, mild reaction conditions, with simple isolation of products.306-308 This 
was demonstrated by near quantitative isolation of 2.23 in a 95% yield. From the iodide, 2.23, 
Sonogasheria coupling with (tetra-ethynylphenyl)adamantane, 2.28,  was attempted under standard 
conditions with CuI, bis(triphenylphosphine)palladium(II) dichloride (Pd(PPh3)2Cl2) in toluene and 
triethylamine (TEA) [Table 2.1, Entry 1]. A small amount of a highly polar material (6mg, 14%) was 
isolated via column chromatography, which appeared to be the desired compound by 1H NMR [Figure 
2.6]. The signals from the two armed chromophore, 2.23, remained largely the same, with a small 
increase in aromatic phenyl integration due to the additional phenyl rings on the adamantane unit. 
The central CH2 adamantane signals were found at 2.2 ppm, with integration suggesting tetra-
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substitution had occurred. MALDI-MS of this product showed a mass peak close to the target 
compound of 4136 m/z, at 4117m/z. The peak is reasonably different (-19m/z) to what is expected, 
and the source of variance is yet to be determined. However, in combination with proton NMR it is 
good indication that the coupling has occurred on all four sites to produce the desired product 2.30. 
 
Figure 2.6: 1H NMR of isolated adamantane cored compound, 2.30 [Scheme 2.10]. Arrows indicate 
aldehyde CH signal, and central adamantane CH2 signal 
 
  Scheme 2.10: Synthetic pathway for synthesis of adamantane cored derivative 2.30. Reaction 
conditions for attempted Sonogashira couplings are found in Table 2.1. 
A repeat of the reaction to create material on a larger scale proved to be unsuccessful [Table 
2.1, Entry 2], as were attempts with alternative reaction conditions, as summarised in Table 2.1. 
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Increasing the solvent ratio of toluene to TEA (from 1:1 to 2:1) to improve solubility; longer reaction 
time; increased reaction temperature; and change of solvent from toluene to tetrahydrofuran were all 
attempted, with little success. In all attempts, a small amount of starting material was recovered along 
with a significant amount of a dark, insoluble precipitate. While excess starting material was expected 
(as it was added in excess), it is thought that the insoluble material was a Glaser coupled by-product 
of adamantane 2.28, which can form between alkynes in the presence of oxygen and copper. A recent 
investigation into the copper/acetylene cycle by Lei in 2014, proposes the homocoupling occurs via 
Cu(I)-Cu(II) synergistic cooperation: where Cu(I) interacts with the alkyne to promote C-H 
activation; and Cu(II) takes part in C-C bond formation.309, 310 A possible mechanism for the 
formation of Glaser coupled product by oxygen poisoning of the Sonogashira reaction is seen in 
Scheme 2.11.311 A simple mono-acetylene is drawn for clarity. If Glaser coupling were to occur, a 
polymeric crosslinked type material could be formed between adamantane alkynes across multiple 
units (represented by a simple schematic in Figure 2.7). However, due to the red colour of the 
precipitate, it was expected that partial attachment of red aldehyde chromophore 2.23 had occurred 
on at least one of the four adamantyl arms. Although care was taken to set up the reaction in an inert 
atmosphere via freeze-pump-thaw methods, any slight trace of oxygen could potentially have 
significant effects due to the small scale. As the tri-substituted star shaped compounds presented low 
solubility in common organic solvents, it was reasonable to assume that a significant increase in size 
due to cross linking would further decrease solubility. 
 Table 2.1: Attempted reaction conditons of sonogasheria couplings utilising 2.23 and 2.28 
 
Entry 
2.23:
2.28 
Solvents 
Conc. 2.28   
/ mM 
Mass of 
2.28 /mg 
Temp. 
/ °C 
Time 
/ h 
Yield 2.30 
/ % 
1 7:1 Tol:TEA (1:1) 3 7 50 1 14 
2 7:1 Tol:TEA (1:1) 3 7 50 1 0 
3 6:1 Tol:TEA (2:1) 4 7 60 2 0 
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4 5:1 Tol:TEA (1:1) 8 23 50 1 10 
5 5:1 THF:TEA (1:1) 2 13 30 1 0 
6 5:1 Tol:TEA (1:1) 8 5 40 24 0 
 All attempts were taken through 3 freeze-pump-thaw cycles, backfilling with argon.  
CuI = 0.4 eq to 2.28; Pd(PPh3)4 = 0.4 eq to 2.28 
  
 
Figure 2.7: Simplified schematic of potential cross linked structure if adamantane core 2.28 
undergoes extensive Glaser coupling 
To try and overcome this problem, the functional groups were trailed on opposing units 
[Scheme 2.10, 2.27 and 2.29 to 2.30], by converting the iodide 2.23, into the alkyne 2.27, via coupling 
with trimethylsilylacetylene, followed by deprotection with tetra-n-butylammonium fluoride 
(TBAF). Standard Sonogashira reaction conditions (as discussed previously) were employed with 
heating at 80 °C overnight. No significant change was noted via TLC until the reaction temperature 
was increased to 100 °C and heated for a further 24 hours. A new highly polar spot was seen on TLC 
after 12 hours. Combined with disappearance of starting materials the reaction was subsequently 
purified by column chromatography on silica. Unfortunately, the small amount of newly formed 
material was found to be the Glaser coupled dimeric product of triphenylamine chromophore 2.27, 
as indicated by NMR and confirmed by MALDI-MS. No target product was isolated. As significant 
care was taken to exclude oxygen and only the Glaser coupled product was isolated after long reaction 
times, it was therefore thought that the desired tetra-substituted adamantly product is itself insoluble 
and/or highly aggregated preventing dissolution in common organic solvents. Due to the low 
solubility it was likely unable to move through silica (both TLC and column chromatography) with 
similarly insoluble palladium catalyst and copper salts obscuring visualisation. Although previous 
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attempts suggested the formation of the desired product, it was only recovered in small amounts and 
unable to be absolutely confirmed, preventing complete characterisation.  
 
Scheme 2.11: Proposed mechanism for Sonogashira cross coupling showing palladium and copper 
cycles in black, with proposed mechanism for Glaser coupling due to oxygen contamination in blue. 
2.2.2.2.2 Polymeric Derivative 
Alongside the attempted synthesis of the adamantane cored derivative, synthesis of the 
polymeric derivative 2.19 was carried out simultaneously. For attachment of a styrene functional 
group, commercially available 4–vinylphenylboronic acid 2.21 was utilised with iodinated material 
2.23 under standard Suzuki coupling conditions [Scheme 2.12].  
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Scheme 2.12: Attachment of styrene unit for polymeric derivative 2.19 
The styrene aldehyde monomer 2.31 was isolated in a 50% yield. Knoevenagel condensation 
(with malononitrile and ethylrhodanine) followed by radical initiated polymerisation was expected to 
produce the target polymer. However no further work was completed on the monomer due to the low 
solubility of the star shaped derivatives DCV-H/Rho-H, as well as the implied low solubility of the 
adamantane target 2.30. It was anticipated that after a Knovenagel condensation and living radical 
polymerisation, the resulting polymeric materials would also have little to no solubility. As OSCs are 
ideally required to be solution processable, the target materials are unfortunately not suitable for 
device manufacture. For the structure analysis (star shaped vs adamantane vs polymer) to be 
completed thoroughly, significant improvements to the solubility of the materials must occur, which 
could be achieved by increasing the length of the alkyl chain on the thiophene.  
2.2.3 Star Shaped TPA Compounds with Increased Solubility 
To create more soluble derivatives to enable solution processing, the n-hexyl chain on the 
thiophene unit was substituted with a branched 2-n-ethylhexyl chain. Both the branching nature and 
increased alkyl chain length was predicted to increase the overall hydrophobicity of the target 
compounds, enabling increased solvation in common organic solvents. While a various lengths of 
alkyl solubilising chains can be synthesised, it must be noted that an increase in alkylation generally 
correlates to a decreased melting point. As OSCs can reach high temperatures under operation, low 
melting solids should be avoided. The 2-n-ethylhexyl chain was predicted to increase solubility, 
without compromising the thermal integrity of the materials. If the 2-n-ethylhexyl derivatives were 
found to still have low solubility, it was anticipated that the size of the solubilising unit could be 
increased further.  
2.2.3.1 Synthesis and Preparation 
Based on the successful isolation of DCV-H and Rho-H, the syntheses of the branched 
derivatives were based on the optimised reaction pathway as discussed previously. A synthetic 
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scheme can be seen below in Scheme 2.13.Error! Reference source not found. 2-Bromo-3-(2-n-
ethylhexyl)thiophene 2.32 was synthesised following a literature procedure and used in conjunction 
with 2.7 under standard Suzuki cross coupling conditions to produce intermediate 2.33 in a 90% yield. 
Subsequent direct arylation with 4-bromo-7-(1,3-dioxolan-2-yl)benzo[c][1,2,5]thiadiazole 2.15 
followed by deprotection of the acetal group enabled the branched aldehyde derivative 2.34 to be 
isolated in a 42% yield.  Knoevenagel condensations with either malononitrile or 3-n-ethylrhodanine 
provided target compounds DCV-EtH and Rho-EtH in a 92 % and 85 % yield respectively. Isolation 
of these targets showed a significant improvement in solubility within common organic solvents 
compared to the linear n-hexyl chain derivatives. 
 
Scheme 2.13: Synthetic routes for formation of star shaped derivatives DCV-EtH and Rho-EtH, 
which contain branched alkyl chains for increased solubility 
Although the initial scope of this series was to compare the impact of chromophore orientation 
and subsequent film morphology on device performance, time limitations prevented the synthesis of 
additional (soluble) target compounds. Ideally, 2-bromo-3-(2-ethylhexyl)thiophene, 2.32, would also 
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be used to synthesise a branched derivative of the di-substituted chromophore, 2.23/2.27, 
(I/acetylene) as seen in Scheme 2.10. In turn, as both DCV-EtH and Rho-EtH were found to be 
significantly more soluble than DCV-H and Rho-H, it was hoped that successful isolation of the 
tetra-substituted adamantyl cored derivative would also be possible in future works; enabling the 
structure-performance relationship to be further explored.   
 
2.3 Optical Properties 
To ensure the best understanding of optical behaviour before incorporation of the acceptor 
materials within devices, the photophysical properties were investigated. Measurement of ultraviolet-
visible (UV-Vis) absorption and photoluminescence (PL) of materials was used to elucidate if 
Channel I and/or Channel II pathways were supported. 
2.3.1 Pristine Materials 
UV-Vis measurements were recorded of both solution and thin film and can be seen in Figure 
2.8. The solution measurements were undertaken in distilled dichloromethane at a concentration (~10-
6mol/L) to enable calculation of the molar extinction coefficient, while solid state measurements were 
completed on thin films deposited via spin-coating. The two dicyanovinyl capped materials DCV-H 
and DCV-EtH, displayed comparable solution absorption: an onset at ~700 nm; a shoulder at 500 
nm; with peaks (λmax) at approximately 560 nm and 340 nm. The absorption peak at 340 nm the near 
UV region is attributed to localised π→π* transitions, while transition of states from the delocalised 
conjugated system provides the lower energy feature between ~400-700nm.312 Similarly, the solution 
absorption profiles for the rhodanine capped materials Rho-H and Rho-EtH displayed an onset of 
620 nm and peaks at approximately 550 nm and 350 nm. For all materials, no observable difference 
was seen between the n-hexyl and 2-ethylhexyl derivatives in solution. An increased conjugation 
length of the dicyanovinyl materials in comparison to the rhodanine materials reduces the optical gap, 
enabling absorption at increased wavelengths.313   
The thin film measurements show a ~100 nm red shift of absorption onset for all the materials 
compared to their solution measurements. This red shift is often seen in highly aromatic systems due 
to close intermolecular packing within the solid state where molecules are able to interact, enabling 
an increase in effective π-conjugation length due to overlapping p-orbitals.314-317 Furthermore, neat 
films of the dicyanovinyl materials show substantial changes to the intensity of vibrational modes, 
with the shoulder at 500 nm now resolved into a distinct peak. Broadening of the long wavelength 
peak in addition to the extended onset is likely caused by scattering due to solid state aggregation 
and/or planarization of the materials.318-322 As deposition of pristine DCV-H and DCV-EtH often 
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produced films with visual surface roughness and aggregated particulates, this result is not 
unexpected. The films containing pure rhodanine materials Rho-H and Rho-EtH however, were 
visually smooth, with a uniform appearance; and similar solution and solid state absorption profiles 
were recorded.  
 
Figure 2.8: Normalised absorption spectra of (a) dicyanovinyl capped acceptors DCV-H and DCV-
EtH and (b) rhodanine capped acceptors Rho-H and Rho-EtH, for both solution (dashed), and 
solid state (solid) measurements. Normalised film absorption and normalised emission spectra for 
all acceptors (c); with comparison to P3HT and PCBM film absorption (d). 
The PL spectra of the pure acceptor materials were recorded by excitation at a fixed irradiation 
wavelength corresponding to λmax of the long wavelength absorption feature. As observed with the 
absorption spectra, the dicyanovinyl materials showed similar features to one another, as did the two 
rhodanine derivatives. The use of n-hexyl or 2-ethylhexyl solubilising chains had no apparent effect. 
Excitation of DCV-H and DCV-EtH results in PL peaks at ~920 nm; with emission extending beyond 
the machine limit of 1000 nm. Rhodanine derivatives, Rho-H and Rho-EtH, had an emission peak 
at ~810 nm, with the emission tail again extending beyond 1000 nm. All the materials show low 
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levels of emission and a large amount of noise in the collected spectrum, consistent with a low 
photoluminescent quantum yield (PLQY).323-325  
The optical gap of materials can be estimated by the midpoint between the first feature of 
corrected absorption (extinction coefficient) intensity ɛ, and corrected PL spectra, as outlined by 
Lakowicz.326 Correction to ɛ/E and PL/E3, where E is energy in eV, provide the closest symmetry 
between absorption and emission spectra. The values of the optical gaps were found to be 1.6 eV, 1.6 
eV, 1.7 eV, and 1.8 eV for DCV-H, DCV-EtH, Rho-H and Rho-EtH respectively, and will be 
discussed in further detail in following sections [Table 2.2].  
As seen in Figure 2.8, the TPA acceptors show an increased absorption contribution across 
the visible light spectrum compared to that of the common fullerene acceptor PCBM; ideally allowing 
increased charge generation at these wavelengths. However if the TPA acceptors are blended with 
archetypal donor P3HT, the significant absorption overlap will likely provide contribution from both 
Channel I and Channel II pathways, which can be difficult to elucidate. 
2.3.2 Blended Materials 
The compatibility of novel donor-acceptor combinations and their charge generation 
processes can therefore be investigated though the observed emission of blended films as PL indicates 
the radiative decay of singlet excitons to the ground state.327-332 Conversely, if an exciton is able to 
dissociate at the donor-acceptor interface, no emission is expected to occur. Based on these 
considerations, the PL of films containing P3HT and 5% acceptor material (DCV-H, DCV-EtH, 
Rho-H, or Rho-EtH) was used to indicate the efficiency of exciton separation when irradiated at 520 
nm, the λmax of P3HT. At low acceptor loadings homogeneous dispersion of materials is assumed to 
occur; ideally maximising the donor-acceptor interfaces. Low concentrations of acceptor material 
should also limit any excitation and PL from the acceptor material, and the tole of Channel I for 
charge generation can be determined.  
In comparison to the emission of pure P3HT, all blends show significantly reduced PL 
emission [Figure 2.9]. While blends containing DCV-H show the highest degree of quenching, all 
materials are comparable and suggest similarly efficient Channel I exciton separation processes. 
Ideally, the Channel II pathway would be investigated by complimentary excitation of the acceptor 
materials when blended with 5 % P3HT however due to the weak emission of pure acceptors, the PL 
quenching is difficult to quantify. It is important to note that this method should only be used as an 
initial indication of donor-acceptor compatibility. While the P3HT PL quenching appears significant, 
other decay processes (such as non-radiative pathways) may also be occurring.327, 332-335   
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Figure 2.9: Solid state PL emission of pure P3HT, in comparison to the emission of blends 
containing P3HT:acceptor (95:5). All films were excited at P3HT λmax of 520 nm. 
 
2.4 Electronic Properties 
The next step in the analysis was the estimation of the ionisation potentials (IP) and electron 
affinities (EA) by cyclic voltammetry (CV) measurements in solution. Understanding the energetic 
levels of the acceptor materials assist in determining a suitable donor material, after which an 
approximation of the theoretical VOC values can be calculated. The values provided by 
electrochemistry are discussed in relation to the calculated optical gap values, so as to compare the 
two methods.  
2.4.1 Estimation of IP/EA by Cyclic Voltammetry 
The electrochemistry was performed in doubly distilled tetrahydrofuran with the potentials 
referenced against the ferrocenium/ferrocene (Fc+/Fc) couple. A three-electrode system was 
employed; glassy carbon as the working electrode, Ag+/Ag as the reference electrode, and a platinum 
counter electrode. Tetra-n-butylammonium perchlorate (0.1 M) was used as the electrolyte. All 
materials showed chemically reversible oxidation and reduction processes within the solvent 
window.336 A single oxidation processes was seen for all the materials, likely arising from oxidation 
of the central TPA unit337-340 with comparable E1/2ox(1) values at 0.5 V, 0.5 V, 0.6 V, and 0.5 V for 
DCV-H, DCV-EtH, Rho-H, and Rho-EtH, respectively. [Table 2.2, Figure 2.10]. Both dicyanovinyl 
capped materials, DCV-H and DCV-EtH, showed three reduction processes with equivalent 
E1/2red(1,2,3) values of -1.2 V, -1.5 V, and -1.8 V; likely associated with the electron withdrawing 
benzothiadiazole, dicyanovinyl and rhodanine units. The reduction process at -1.5 V is significantly 
smaller than the other two reduction processes which may be due to the reduction of an aggregate of 
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the initially reduced and neutral moieties. The rhodanine capped materials, Rho-H and Rho-EtH, 
showed two chemically reversible reductions with E1/2red(1,2) values of -1.3 V and -1.8 V for both 
materials. The E1/2 values can be used to estimate the IPs and EAs of the materials given the IP of 
ferrocene is 4.8 V.  
EIP/EA(CV) = E1/2(ox/red) + 4.8 V 
Where EIP/EA(CV) represents either the calculated ionisation potential or electron affinity from cyclic 
voltammetry; E1/2(ox/red) is obtained by the halfway potential between the peak maxima and peak 
minima for either the first oxidation or the first reduction process. Similar oxidation processes of the 
materials were observed; the IP was calculated to be; -5.3 V for acceptors DCV-H, Rho-H, and Rho-
EtH; and -5.4 V for DCV-EtH. The EA for dicyanovinyl capped materials (DCV-H and DCV-EtH) 
was estimated to be -3.6 V, while the slightly less electron withdrawing rhodanine capped materials 
(Rho-H and Rho-EtH) showed an EA of -3.5 V. The solid state IP of DCV-H, DCV-EtH and Rho-
EtH was measured using PESA and found to be -5.7 V, -5.6 V, and -5.5 V, respectively, with addition 
of the optical gap providing solid state EA which interestingly were similar to the results for the 
solution based measurements.   
Table 2.2: Electronic properties and optical gap of TPA compounds 
Sample 
E1/2 ox 
(eV) 
E1/2 red  
(eV) 
IP (eV) EAa (eV) CV Gapb 
(eV) 
Optical 
gapc (eV) CVa PESA CVa Calc.d 
DCV-H 0.5 -1.2, -1.5,  -1.8 -5.3 -5.7 -3.6 -4.1 1.7 1.6 
DCV-EtH 0.6 -1.2, -1.5,  -1.8 -5.4 -5.6 -3.6 -4.1 1.8 1.6 
Rho-H 0.5 -1.3, -1.7 -5.3  -3.5  1.8 1.7 
Rho-EtH 0.5 -1.3, -1.7 -5.3 -5.5 -3.5 -3.7 1.8 1.8 
a  Estimated from CV and referenced to ferrocene/ferrocenium couple;  b Electrochemical (CV) gaps were calculated 
by the difference between oxidation and reduction from CV; c optical gaps were estimated from intersect of corrected 
absorption and emission. d solid state EA was calculated by addition of optical gap values to the reduction potentials 
as determined by PESA.  
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Figure 2.10: (a) Solution CV plots of DCV-H, DCV-EtH, Rho-H, and Rho-EtH in THF at 
100mV/s showing chemically reversible electrochemical processess for both the oxidation and 
reductions processes. (b) Energy level diagram representing the calculated IP and EA levels in 
comparison to those of P3HT 
2.4.2 Discussion of Measured Energy Levels 
From the difference between IP and EA as measured using CV; the electrochemical gap (CV 
gap) was observed to be comparable for all four acceptor materials at ~1.8 eV [Table 2.2, Figure 
2.10b]. While the CV gap was generally observed to be marginally higher than the experimentally 
determined optical gap, the two methods for determining energy levels are in close agreement. The 
deviation between CV gap and optical gap likely stems from experimental technique: CV gap is a 
solution based measurement, while optical gap calculation was completed on thin films. The optical 
gap measurements are likely influenced by aggregation and increased π-π stacking, compared to 
freely moving units within solution CV.  
The measured energy levels can also enable insight towards into a compatible donor material 
by comparing the relative offset of IPs and EAs between a donor and acceptor. To overcome exciton 
binding energy and to promote dissociation into free charge carriers, the minimum offset of IPs/EAs 
between two materials is generally required to be at least 0.2 eV. Based on this consideration, P3HT 
is a suitable donor candidate for blending with all four TPA acceptor materials as the reported IP and 
EA of P3HT are -5.0 eV and -3.0 eV respectively. Provided sufficient photoexcitation occurs, the 
IP/EA offsets should enable exciton separation via both Channel I and Channel II pathways.  
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2.5 Charge Transporting Properties 
To understand the charge transporting properties of the TPA materials, the hole (μh) and 
electron mobilities (μe) were measured for the neat materials [Table 2.3]. Due to poor solubility, both 
DCV-H and Rho-H were unable to produce neat films of adequate thickness or quality to reliably 
report the electron or hole mobilities. While the films were too thin to provide quantitative results, 
the films were measured to have a μh of ~3 x10-8 cm2V-1s-1 and 1 x10-7 cm2V-1s-1 for DCV-H and 
Rho-H respectively. The μe was not measureable via Metal-Insulator-Semiconductor devices by 
Charge Extraction by Linearly Increasing Voltage (MIS-CELIV)341 therefore Resistance dependent 
PhotoVoltage (RPV) measurements were attempted as an alternative method.342, 343 Unfortunately, 
due to fast carrier discharge resulting from the poor quality films, the results for Rho-H were 
inconclusive. Analysis of DCV-H indicated the carriers had mobilities of ~1 x10-5 cm2V-1s-1 and ~1 
x10-6 cm2V-1s-1. However, again due to poor film quality distinction between electrons and holes could 
not be determined. The increased solubility of DCV-EtH and Rho-EtH enabled higher quality films 
and the mobilities were successfully measured via MIS-CELIV. The μe and μh of DCV-EtH were 
measured to be approximately 4 x10 -6 and 9 x10-5 cm2V-1s-1, respectively.  Similar values were found 
for Rho-EtH with μe and μh of 8 x10-6 cm2V-1s-1, and ~1 x10-5 cm2V-1s-1, respectively. 
While optical PL quenching studies indicates efficient exciton separation, the low electron 
mobility of all acceptor materials was expected to severely inhibit migration of charges, limiting 
device performance.344-346 This would be evident by decreased JSC (and therefore FF) values within 
the device output characteristics.118, 347 The amorphous nature (discussed within Chapter 2.6) of the 
acceptor materials is potentially contributing to the poor mobilities in pure films; as highly aromatic 
systems with strong intermolecular order are known to provide energetically favourable (and thus 
more efficient) charge migration due overlapping π-orbitals.125, 314, 348-352  
Table 2.3: Charge transporting properties of TPA compounds 
Sample 
μfast/slow a  
(cm2V-1s-1) 
μeb 
(cm2V-1s-1) 
μhb  
(cm2V-1s-1) 
DCV-H 1 x10-5 / 1 x10-6 inconclusive ~3 x10-8 
DCV-EtH  4 x10-6 9 x10-5 
Rho-H inconclusive inconclusive ~1 x10-7 
Rho-EtH  8 x10-6 1 x10-5 
a Measured by RPV;  b measured by MIS-CELIV 
Chapter Two 
 60 
 
2.6 Thermal Properties 
Thermal analysis of the acceptor materials was completed with pure samples, as well as blends 
with P3HT. The analysis of pure materials was to determine their stability for device manufacture, 
while analysis of blended films was undertaken with the aim of predicting the miscibility and ideal 
blend composition of the donor and acceptor. As discussed previously, the thermal behaviour of film 
blends has provided information on the morphology and crystallinity of films, which in turn has been 
used as an indicator towards ideal OPV performance. Therefore, in an attempt to predict the ideal 
blend ratio between P3HT and a novel TPA acceptors, TGA and DSC was utilised to provide insight 
into the applicability of thermal analysis to predict the best BHJ composition for device performance.  
2.6.1 Behaviour of Pure Materials 
The thermal properties of the four pure acceptor materials were analysed by Thermal 
Gravitational Analysis (TGA) and Differential Scanning Calorimetry (DSC). TGA at 10 °C/min in a 
nitrogen atmosphere revealed all materials are thermally stable at both annealing and OPV operating 
temperatures, with decomposition temperatures corresponding to 5% weight loss, at 419 °C, 430 °C, 
389 °C, and 392 °C, for DCV-H, DCV-EtH, Rho-H, and Rho-EtH, respectively. Following the 
TGA analysis, DSC measurements were completed under a nitrogen atmosphere, where a sample was 
taken though four consecutive heating and cooling cycles between 0 °C and 250 °C at various scan 
rates. Although all cycles were observed to be homologous, the second isolated heating/cooling cycle 
was used for peak determination as to ensure the thermal history of the sample had been erased. As 
the molecular packing of a material can depend on the rate of solidification, the second cycle (and 
onwards) should correspond to the thermodynamically favoured morphologies under measurement 
conditions. To allow accurate comparison between structurally similar acceptor materials, a scan rate 
of 100 °C/min was utilised for all samples [Figure 2.11].  
The n-hexyl branched dicyanovinyl derivative, DCV-H, had a Tg at 115 °C followed by an 
endothermic transition with peak maxima at 139 °C. The peak onset cannot be determined due to the 
close proximity to the Tg. In the cooling sweep, only the Tg feature is observed. The branched 2-
ethylhexyl derivative DCV-EtH was seen to have an increased Tg of 125 °C, which was also followed 
by an additional endothermic feature with peak maxima at 147 °C. Again, its close proximity to the 
Tg prevented accurate determination of its onset. Unlike DCV-H, the cooling sweep closely mirrored 
the heating scan with the observation of two exothermic processes. The shape of the higher 
temperature transition is typical of a melting/crystallisation, however, complete melting of the solid 
was not observed with a traditional melting point apparatus at this temperature. Comparable 
behaviour seen within polymer systems has assigned the thermal feature above an observed Tg, to the 
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interdigitation of side chains due to aggregation and disorder along the polymer backbone.353-355 
Therefore, for DCV-H and DCV-EtH, the feature is thought to be a localised process within the bulk 
material, i.e., the reorganisation of a structural polymorph.356, 357 Based on these observations, DCV-
H and DCV-EtH, are considered semi-crystalline; where the pure solid sample contains both 
amorphous and crystalline domains. While increasing the alkyl chain length typically depresses 
thermal transitions due an increase in free volume,358-360 DCV-EtH showed an increased Tg and 
additional crystallisation feature upon cooling compared to DCV-H. A potential explanation for this 
behaviour is higher packing efficiency: the size and shape of the branched chains promote closer 
molecular packing, resulting in increased intermolecular attraction and decreased disorder.361, 362  
 
Figure 2.11: Second heating and second cooling thermograms of pure acceptor materials. Scanning 
rate of 100 °C/min with traces offset for clarity. 
Rhodanine derivatives, Rho-H and Rho-EtH, did not show any distinct thermal features 
within the scanning window. Scan rates of 100 °C/min, 200 °C/min, and 300 °C/min were used in the 
attempt to elucidate the presence of a Tg, however, no obvious features were seen. Manual observation 
of the materials at higher temperatures with a traditional melting point apparatus showed no 
distinctive phase changes; with decomposition occurring before melting. Therefore the rhodanine 
materials, Rho-H and Rho-EtH, can be considered amorphous solids. All four acceptor materials are 
found to be sufficiently thermally stable for use within OPV devices. Heating of devices with DCV-
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H or DCV-EtH above their Tg may induce morphological rearrangements, and must be considered 
in the device manufacturing process.  
Table 2.4: Thermal properties of pure acceptor materials 
Sample Tg (°C) Tm (°C) Tc (°C) Td5% (°C)a 
DCV-H 115 139 (peak) - 419 
DCV-EtH 125 147 (peak) 137 (onset), 133 (peak) 430 
Rho-H - - - 389 
Rho-EtH - - - 392 
Data was acquired from DSC with heating and cooling rates of 100 °C/min.  a Data was acquired from TGA 
at 10 °C/min, with values corresponding to a 5% weight loss 
 
2.6.2 Behaviour of Blends 
To investigate the phase behaviour of materials when blended with P3HT, DSC thermal 
analysis in line with previous reports was undertaken.140, 250, 259 For each TPA material, nine blends 
ranging from 10 % to 90 % P3HT content were measured, as well as analysis of pristine films. To 
prepare the samples, materials were weighed in the desired weight ratio before addition of 
dichlorobenzene and stirring over night with mild heating. The same P3HT sample was used for all 
experiments to prevent any polymeric batch-to-batch variation. to limit Once cool, the solutions were 
transferred to glass sides via pipette and allowed to dry under ambient conditions. Once dry, the 
material was carefully removed from the slide with a scalpel blade, and transferred into the DSC pan. 
The materials were measured under a nitrogen atmosphere, with a scanning rate of 10 °C/min for both 
the heating and cooling sweeps. The DSC results for the first heating cycle are shown in Figure 2.12 
as a weight percentage of P3HT. Thermal features associated with both donor and acceptor materials 
are observed, where the intensity of transition decreases with a relative decrease of component 
concentration in the blend.  
When P3HT is blended with DCV-H or Rho-EtH, a single predominant melting peak is 
observed at approximately 240 °C throughout the blend ratios, which is attributed to the melting of 
crystalline P3HT domains. The blends with DCV-EtH show a P3HT melting transition as well as a 
small endothermic peak associated with the acceptor material, which is attributed to the melting of a 
structural polymorph. Blends with Rho-H also show the P3HT feature. However, a broad thermally 
induced reorganisation process of the acceptor is also observed; where an endothermic process 
transitions into an exothermic process, centred at approximately 190 °C. The initial endothermic 
feature represents increased liquidation of Rho-H (i.e., a Tg), which subsequently nucleates the 
reorganisation of the amorphous phase into new crystalline regions upon heating; a process referred 
to as “cold-crystallisation”. Cold-crystallisation has been observed in a range of organic materials, 
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and typically results from entrapment of disordered phases within a rapidly solidified sample.363-365 
However, as the samples containing Rho-H were solidified slowly, it is assumed the film drying 
kinetics favour a metastable amorphous morphology, which transitions into the stable crystalline 
phase upon heating.357, 363, 366, 367 
 
Figure 2.12:  DSC first heating thermograms of acceptors DCV-H, DCV-EtH, Rho-H, and Rho-
EtH with P3HT with a scanning rate of 10 °C/min. Traces are offset for clarity. 
The significant shift in the P3HT peak position within Rho-EtH blends indicates miscibility 
and diffusion of the acceptor into donor domains, while the minimal influence of Rho-H, DCV-EtH, 
and DCV-H on P3HT melting temperature indicates limited donor-acceptor solubility.368-371 The 
thermal transitions with respect to blend ratio are summarised in Figure 2.13 for clarity. In agreement 
with reported methods for polymer analysis,372-374 the melting point is calculated by the offset of the 
transition (i.e., the end point of melting) to ensure the phase change is complete. As reorganisation of 
a semicrystalline polymer can occur with heating, the end point of the transition should ideally lay 
close to the equilibrium melting temperature of a macroscopic, perfect crystal.375, 376  
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Figure 2.13: Thermal transitions of acceptors (a) DCV-H; (b) DCV-EtH; (c) Rho-H; and d) Rho-
EtH, when blended with P3HT (%) calculated from offset as observed in DSC thermograms shown 
in Figure 2.12. Circles and diamonds signify P3HT and acceptor transitions respectively; with filled 
symbols representing melting (endothermic) transitions, and open symbols representing 
crystallisation (exothermic) processes. Dashed lines are used as a guide for the eye only. 
2.6.3 General Discussion of Blend Behaviour 
Previous reports highlighted the observation of a eutectic mixture led to increased device 
performance due to the formation of ideal three-phase morphology.140, 250, 255, 259 Therefore, as no 
eutectic behaviour was observed between the synthesised TPA acceptor materials and P3HT, 
manufactured OPV devices might be unlikely to give very high (e.g., 10%) performance. However 
attention should be drawn to the behaviour of materials previously discussed: pristine samples of the 
acceptors (excluding two fullerene derivatives254) were crystalline; resulting in various liquid-liquid, 
liquid-solid, and solid-solid phases when blended with poly(thiophenes). The lack of crystallinity for 
the synthesised acceptors (Rho-EtH and Rho-H more so than DCV-H and DCV-EtH) will alter the 
equilibrium of phases, and thus presence or absence of a eutectic mixture may not be so conclusive 
towards the performance of devices and an alternative analysis was required. 
The melting point depression of a polymer-solvent system is commonly modelled by Flory 
diluent theory, where entropy of mixing is adjusted for the entropic interaction between two materials 
by the Flory-Huggins (FH) interaction parameter (χFH). The theory assumes complete rejection of the 
solvent from the crystalline matrix, where χFH is associated with liquid-liquid demixing.375 As the 
value of χFH is theoretically independent of the polymer concentration, polymer molecular weight, 
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and solution temperature, the model is generally accepted as oversimplified.377-380 As a result, 
alternative derivations of the Flory diluent theory have been developed as to allow application to a 
wider variety of systems such as those containing: polymer-polymer;381-383 polymer-small 
molecule;384, 385 and polymer-solvent-void;386 with consideration of pressure dependence,387, 388 
molecular size,389, 390 and conformational effects.391  
2.6.4 Kyu Equation 
One such derivation by Kyu et. al.392, 393 describes the melting point depression with respect 
to crystalline-amorphous systems where the thermal behaviour is dominated by the solid-liquid phase 
transition due to melting of a crystalline component within an amorphous material. The theory was 
validated by a number of experimental results,393-395 and in this work it has been applied towards the 
observed thermal behaviour of the P3HT:TPA acceptor blends. It must be noted that this derivative 
of Flory-Huggins theory is only be applicable towards crystalline-amorphous systems. Due to the 
specific behaviour of material interactions, blends containing an amorphous TPA acceptor material 
and an amorphous donor material would be difficult to investigate via DSC methods alone due to the 
lack of measurable thermal events. The Kyu equation is:  
 1 − 
𝑇𝑚
𝑇𝑚
0 =
𝑅 𝑇𝑚
∆𝐻𝑢
 𝜒𝑐𝑎(1 −  𝜙)    
Where Tm is the observed melting point, 𝑇𝑚
0  is the melting point of the pure crystalline polymer, R is 
the ideal gas constant, ∆Hu is the heat of fusion of a neat crystal, χca is the crystalline-amorphous 
repulsive interaction parameter, and 𝜙 is the volume fraction of the crystalline component. As 
semicrystalline P3HT is assumed to contain both amorphous and crystalline domains, the exact 
proportion of 𝜙 is unknown and difficult to determine by experimental methods. Consequently, 
within this analysis the melting point depression will be examined as a function of P3HT weight 
fraction 𝑤, assuming the observed thermal transition results entirely from the P3HT crystalline 
domains. Therefore, information regarding the interaction between the crystalline domains of P3HT 
and the amorphous acceptor materials can be gathered from the slope resulting from Kyu plots; (1 – 
𝑇𝑚/𝑇𝑚
0 ) against the amorphous (i.e., acceptor) weight fraction (1 – 𝑤).393   
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Figure 2.14: Kyu plots of (1 – 𝑇𝑚/𝑇𝑚
0 ) vs (1 – w) representing the melting point depression of 
crystalline P3HT domains by amorphous acceptor: (a) DCV-H; (b) DCV-EtH; (c) Rho-H; and (d) 
Rho-EtH. The linear slope was fitted by a least-squares method, with deviation from linearity 
resulting from liquid-liquid immiscibility. The data point at a (1 – w) = 0.3 for DCV-EtH was 
considered an outlier and was excluded from linear fitting.  
 
2.6.5 Application of Kyu Equation: 𝝌𝒄𝒂and 𝝌𝒄𝒂
𝟎  
Within the resulting Kyu plots [Figure 2.14], blends with Rho-EtH display a primarily linear 
trend line with a downwards departure from linearity above an acceptor weight fraction of 0.7. This 
behaviour is reported to occur within a predominately miscible system, with the linear deviation 
arising due to small amounts of liquid-liquid phase separation within the melt.393 In comparison, while 
the remaining acceptors indicate partial solubility with P3HT due to the presence of a small melting 
point depression, the linear dependence was only valid between (1 – 𝑤) values of 0 and 0.4; 
representative of decreased donor-acceptor miscibility in comparison to P3HT:Rho-EtH blends.392  
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Furthermore, the trend line resulting from the linear region can be used to determine the 
interaction parameter χca at each blend ratio by:  
𝜒𝑐𝑎 = 𝑆
∆𝐻𝑢
𝑅𝑇𝑚
  
Where S represents the slope resulting from the Kyu plots in Figure 2.14, and ∆Hu is directly 
measured from the area under the melting peaks (Tm) observed by DSC, with conversion from J/g to 
J/mol assuming a P3HT repeating unit of 166 g/mol.  
While Rho-H, DCV-H, and DCV-EtH show limited linear correlation across the Kyu plots, 
the authors of the original work note that calculation of S remains valid at high polymer 
concentrations. The model assumes the crystalline free-energy minimum is reached upon 
solidification. However, decreasing polymer concentration generally leads to an increase in the 
potential energy of crystallisation; where acceptor dominating films are less likely to reach true 
thermodynamic equilibrium.396, 397 Subsequently, when the polymer concentration is high, the system 
approaches unity and the model is valid.393 
The calculated values of χca as a function of P3HT concentration 𝑤𝑃3𝐻𝑇 are shown in Figure 
2.15 and Table 2.5 and represent the repulsive interaction between crystalline (donor) and amorphous 
(acceptor) components. Positive values (χca > 0) indicate a net repulsion, where the dissolution of 
crystalline P3HT domains and the amorphous acceptor will likely result in significantly pure regions 
of donor and acceptor materials; similar to mixtures of oil and water. When χca = 0, the system 
displays athermal mixing with no interaction between components. Only the size, shape, and 
distribution of materials will govern their interactions.398 Negative values (χca < 0) are attributed to 
attractive interactions, such that intermixing of the amorphous material into the crystalline polymer 
phase is favoured (i.e., like alcohol in water). This is likely to result in a disruption to overall 
crystallinity of P3HT by the formation of finely intermixed donor and acceptor domains.375, 399, 400 
Increased repulsive and increased attractive interactions are indicated by more positive and more 
negative values respectively.  
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Figure 2.15: A plot of 𝜒𝑐𝑎 as a function of P3HT weight fraction when blended with: (a) DCV-H; 
(b) DCV-EtH; (c) Rho-H; and (d) Rho-EtH. Linear slope was fitted by a least-squares method and 
used to determine: 𝜒𝑐𝑎
0  when 𝑤P3HT =1; and 𝑤𝑐𝑟𝑖𝑡when χca = 0. 
Comparison of donor-acceptor interaction strength can be estimated by χca values at a select 
blend composition due to the dependence on melting point and heat of fusion. Alternatively, 
extrapolation of the linear slope provided by χca vs. 𝑤P3HT plots in Figure 2.15 was used to determine 
a general interaction parameter (𝜒𝑐𝑎
0 ) when 𝑤P3HT =1, as to allow the relative ranking of systems 
sharing a common crystalline component. As the interaction parameter is dependent on 
thermodynamics of mixing between two materials, comparison of 𝜒𝑐𝑎
0  values between miscellaneous 
systems will likely be inconclusive (e.g., small molecule-polymer system vs polymer-polymer 
system). The structural variations between the synthesised TPA acceptors were expected to be 
negligible within the context of a polymeric donor, allowing comparisons between the systems to be 
made. Utilising values recorded by DSC of a pure P3HT sample (∆𝐻𝑢 = 2586 g/mol and 𝑇𝑚
0  = 243 
°C), the values of 𝜒𝑐𝑎
0  were found to be: 0.009 for Rho-H; 0.009 for DCV-EtH; and 0.022 for Rho-
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EtH. The poor correlation of the DCV-H plot prevented accurate determination of 𝜒𝑐𝑎
0 . Due to the 
positive values of 𝜒𝑐𝑎
0 , P3HT was expected to undergo repulsive interactions with all acceptor 
materials and result in phase separated domains containing regions of pure donor material and/or pure 
acceptor material. Generally speaking, due to the increased repulsive interaction parameter for the 
P3HT-Rho-EtH system, regions of pure material were expected to be larger than in the blends 
containing Rho-H or DCV-EtH.  
Table 2.5: aValues determined from Kyu plots and χca vs. 𝑤P3HT plots 
Sample 
Kyu Plots  χca vs. 𝒘P3HT Plots 
y = R2  y = R2 𝜒𝑐𝑎
0 b 𝑤crit c 
DCV-H 0.049x 0.99  8.46E-3x + 7.81E-3 1.00* ~0.016 n/a 
DCV-EtH 0.019x 0.99  1.05E-2x - 0.13E-2 0.99 0.009 0.12 
Rho-H 0.017x 0.92  1.27E-2x - 0.34E-2 0.89 0.009 0.27 
Rho-EtH 0.033x 0.98  2.60E-2x - 0.36E-2 0.98 0.022 0.14 
a y = value of fitting for plots by application of linear regression, with R2 representing the correlation coefficient.b Values 
calculated for 𝜒𝑐𝑎
0  when 𝑤P3HT =1. c Values calculated when 𝑤𝑐𝑟𝑖𝑡when χca = 0. 
* Note that only two data points were 
available thus R2 = 1 cannot be used for determination of correlation. 
 
Extrapolation to determine the x-intercept of χca vs. 𝑤P3HT plots was used to estimate the 
critical solvation concentration (𝑤𝑐𝑟𝑖𝑡) as the transition from χca < 0 to χca > 0 should represent the 
evolution of a solid-solution into phase separated domains.253, 399, 400 As high performing BHJ devices 
contain regions of pure acceptor material, pure donor material, with finely intermixed interfaces, the 
position of  𝑤𝑐𝑟𝑖𝑡 may elucidate the ideal blend ratio in a similar manner to the previously discussed 
eutectic mixture and equilibrium of phases.140, 250, 259, 401 The critical solvation concentration was 
similar for all materials when blended with P3HT [Figure 2.15 and Table 2.5]. Decreasing P3HT 
content led to a decrease in χca values and resulting 𝑤𝑐𝑟𝑖𝑡 values between 0.12 and 0.27 (12 % and 27 
% P3HT).  The value of 𝑤𝑐𝑟𝑖𝑡 was not calculated for blends containing DCV-H due to poor fitting, 
however, extrapolation leads to a value less than zero. These values were in good agreement with the 
transitions observed using DSC: P3HT melting point transitions are not observed in blend ratios 
below 𝑤𝑐𝑟𝑖𝑡 [Figure 2.13]. P3HT crystalline domains in blends sufficiently above 𝑤𝑐𝑟𝑖𝑡 were 
significantly phase separated (and large enough) to enable observation of the P3HT solid-liquid phase 
transition upon heating. Conversely, as the P3HT concentration decreased towards, and extended 
below 𝑤𝑐𝑟𝑖𝑡, it was thought that the reduced repulsive interactions led to increased intermixing of 
P3HT and the TPA acceptors, resulting in blends with less crystalline domains and more amorphous 
character. However, it must be considered that the blends at or below 𝑤𝑐𝑟𝑖𝑡 may have contained a 
melting transition with corresponding enthalpy of melting below the detection limit of the DSC. It is 
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important to note that conclusions resulting from the use of χca (e.g., 𝜒𝑐𝑎
0  and 𝑤𝑐𝑟𝑖𝑡) are assumed to 
relate to only the interaction between an amorphous acceptor and P3HT crystalline domains; the 
influence of amorphous-amorphous interactions on film morphology cannot be probed by the Kyu 
equation (or Flory-Huggins theory) due to the lack of measurable thermal events.  
2.6.6 Determination of Crystallinity  
Validation of 𝑤𝑐𝑟𝑖𝑡 values can be completed by calculation of absolute P3HT film crystallinity 
(𝑥𝑃3𝐻𝑇), through comparison of experimentally measured ∆𝐻 values to the enthalpy of melting for a 
theoretically perfect P3HT crystal (∆𝐻𝑢
∞) with infinite chain length. Equilibrium values of a perfect 
P3HT crystal melt were determined by Snyder et. al.402 to be ∆𝐻𝑢
∞ = 49 ± 2 J/g, and 𝑇𝑚
∞= 272 ± 6 °C, 
with additional reports in close agreement.403, 404 Adjusting for crystal size by (𝑇𝑚
∞/𝑇𝑚), the following 
equation402 can be used: 
𝑥𝑃3𝐻𝑇 ≅
∆𝐻
∆𝐻𝑢
∞
𝑇𝑚
∞
𝑇𝑚
 
With the calculated P3HT film crystallinity shown in Figure 2.16a as a function of 𝑤𝑃3𝐻𝑇.  
 
Figure 2.16: (a) P3HT fraction film crystallinity compared to crystallinity of a perfect crystal, as 
function of P3HT weight ratio. Error bars result from propagation of errors within calculation of 
𝑥𝑃3𝐻𝑇 values. (b) Weight fraction of phase separated crystalline domains within blends containing 
P3HT and various acceptor materials. Deviation from 𝑓𝑃3𝐻𝑇 = 1 indicates disruption (𝑓𝑃3𝐻𝑇 < 1) 
or enhancement (𝑓𝑃3𝐻𝑇 > 1) to material crystallinity in comparison to a pure P3HT sample. Error 
associated with 𝑓𝑃3𝐻𝑇 values (calculated by propagation of error) are below the detection limit of the 
graphs and considered negligible.   
A pure P3HT sample deposited by the method used for DSC analysis, resulted in a film 
containing approximately 33% crystalline domains, with the bulk of the sample (77%) assumed to be 
in an amorphous morphology. With increased acceptor concentration, the film crystallinity dropped 
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steadily, where extrapolation to a completely amorphous film (𝑥𝑃3𝐻𝑇 = 0) occurred at an estimated 
P3HT weight fraction of 0.2; which was in good agreement with calculated 𝑤𝑐𝑟𝑖𝑡 values. The decrease 
in crystallinity primarily results from a decrease in P3HT concentration. However, the influence of 
acceptor concentration on P3HT crystal growth was difficult to elucidate from the 𝑥𝑃3𝐻𝑇-𝑤𝑃3𝐻𝑇 plot. 
Therefore, visualisation of the relative film crystallinity was used as a means to provide increased 
insight towards film forming behaviours and to help elucidate any blend ratio dependence. 
Calculation of the relative weight fraction of phase separated crystals 𝑓𝑖 , of material i, is provided 
by:253 
 𝑓𝑖 =
∆𝐻𝑖
∆𝐻𝑖(𝑤𝑖=1)∙ 𝑤𝑖
 
Where experimentally determined values for enthalpy of melting ∆𝐻𝑖, are normalised to the enthalpy 
of melting for a pure sample ∆𝐻𝑖(𝑤𝑖=1), adjusting for component weight fraction 𝑤𝑖. Deviation from 
𝑓𝑖 = 1 indicates a disruption/enhancement to the crystalline domains, and is visualised as a function 
of 𝑤𝑃3𝐻𝑇 within Figure 2.16b. The increase of 𝑓𝑃3𝐻𝑇 at high donor concentrations within P3HT:Rho-
EtH blends indicated increased phase separation and growth of pure P3HT domains, with significant 
disruption to P3HT crystallinity only observed when 𝑤𝑃3𝐻𝑇 approached 𝑤𝑐𝑟𝑖𝑡. Conversely, 
suppression of P3HT crystal growth was seen to occur at most blend ratios when blended with DCV-
H, DCV-EtH, and Rho-H. It is interesting to note that blends with rhodanine capped materials (Rho-
H and Rho-EtH) show minimised crystallinity of the P3HT at high acceptor loadings, while the 
dicyanovinyl materials (DCV-H and DCV-EtH) show increased disruption of P3HT crystallinity at 
low acceptor concentrations. Although application of the Kyu equation assumes the observed P3HT 
melting point depression was due to an entirely amorphous diluent; realistically, the non-amorphous 
domains within semicrystalline DCV-H and DCV-EtH, would have contributed towards 𝑓𝑃3𝐻𝑇 and 
the overarching film morphology. This is most evident within P3HT:DCV-EtH blends. The 
dispersion and intermixing of DCV-EtH into P3HT at low acceptor loading was seen to inhibit 
crystallisation of both DCV-EtH and P3HT, with the sudden spike in 𝑓𝑃3𝐻𝑇 at 50 % P3HT attributed 
to the formation of DCV-EtH pure phase separated crystals, as represented by 𝑓𝐴𝐶𝐶𝐸𝑃𝑇𝑂𝑅.  
2.6.7 Conclusions of Thermal Behaviour  
Due to the observed miscibility (melting point depression) and increased repulsive interaction 
(χca and fP3HT) with P3HT to promote regions of pure donor and/or pure acceptor, Rho-EtH is 
expected to show increased OPV performance when blended with P3HT compared to the other TPA 
materials. Devices containing Rho-H, DCV-H, or DCV-EtH, are expected to result in more finely 
intermixed films (due to decreased repulsive interaction χca) where the dispersion of the TPA acceptor 
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into P3HT will inhibit P3HT crystallinity. Small, intermixed domains are expected to prevent the 
formation of necessary percolation pathways required for efficient charge extraction, leading to 
decreased Jsc and overall efficiencies. Experimental device results (discussed later in this report) will 
provide valuable insight into the importance of crystalline-amorphous interactions, and if thermal 
analysis can be utilised as a reliable screening process for donor/acceptor compatibility as well as a 
predictive tool towards ideal blend ratios.   
While the Flory-Huggins theory is widely utilised, there has been limited determination of 
χFH via direct methods for application within the OPV field.100, 258, 385, 405-409 Furthermore, the majority 
of these reports have been released throughout the duration of this project, highlighting the relevance 
and increasing interest in such an analysis. In particular, only a handful of these reports258, 406, 407 
correlate the experimentally derived χFH to device output. The most recent publication by Ye et. al406 
(February 2018) is the first to report the use of interaction parameters to predict phase behaviour, with 
the aim of limiting the laborious trial and error procedures during device optimisation. Notably, the 
authors exploit a number of experimental techniques to model material interactions within blends to 
isolate the previously un-attainable amorphous-amorphous interaction parameter χaa. Such techniques 
include secondary-ion mass spectrometry (SIMS) to determine device-relevant phase diagrams; 
where scanning transmission X-ray microscopy (STXM) provided the effective miscibility and total 
molecular interaction parameter χe of averaged donor-acceptor domains. The crystalline-amorphous 
interaction χca as calculated by melting point depression per the Kyu equation and DSC 
measurements, was subtracted from χe to report the illusive amorphous-amorphous interaction 
parameter χaa. While the discussed technique clearly requires access to a range of specialised 
equipment, the model was experimentally validated with a PCDTBT:PC71BM system and is likely to 
provide unique advancements towards streamlining device optimisation procedures.  
The similar application of the Kyu equation to determine χca within an OPV context provides 
significant validation to the previously discussed analysis, which was independently concluded. 
While determination of χca was not a predominant focus within the report by Ye et. al, the authors 
also utilised the assumption of 𝑤 =1 to determine a general value of χca (i.e., 𝜒𝑐𝑎
0 ). The application of 
χca towards discussion of 𝑤𝑐𝑟𝑖𝑡 is unique within this analysis, and was not discussed within the recent 
publication. Most importantly, Ye et. al highlight the use of DSC as “a viable predictive parameter 
to pre-screen and select promising materials combinations from the large number (>1,000) of possible 
polymer:SMA [small molecule acceptor] pairs.” Therefore, the DSC thermal analysis to derive χca 
alongside film crystallinity analysis discussed within this report may provide a sufficiently accessible 
method to estimate the compatibility of future donor-acceptor pairs.  
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2.7 X-ray Diffraction Study 
To further investigate the morphology and crystallinity of films in attempts to predict device 
performance, specular X-ray diffraction (XRD) was completed on two of the acceptor materials 
DCV-H and Rho-EtH, when blended with P3HT. The films were prepared in the same manner as 
per the DSC thermal study, where the relevant solution was drop cast onto glass (DSC) or silica slides 
(XRD) and allowed to dry under ambient conditions. Diffractograms were recorded at three blend 
ratios, as well as for the pure components. Subsequent annealing of the films was completed at 130 
°C for 5 min, with the results shown in Figure 2.17.  
2.7.1 Neat Films  
In agreement with previous reports, the pure P3HT film showed a preferred edge-on 
orientation to the substrate by the observation of the first three (h00) peaks. This corresponds to the 
crystallographic axis running along the interdigitating alkyl chains in the lamellae. Thermal annealing 
caused an increase and sharping of the peaks indicating increased order within the crystalline 
domains, likely due to alignment of the thiophene backbone.239, 252, 253, 260 The slight shift towards 
lower 2θ values has been reported to coincide with the expansion of the lattice spacing.259 It should 
be noted that the orientation of crystalline domains was assumed to be identical for all samples. 
 
Figure 2.17: Specular XRD diffraction plots of pure materials: P3HT, Rho-EtH, and DCV-H. Open 
circles show as-cast films, filled circles for annealed (130 °C, 5 min) films. Arrows indicate ordered 
peaks for DCV-H. Traces are offset for clarity.   
Analysis of the neat film of DCV-H shows a small amount of ordering with lattice spacing d = 26.2 
and 22.6 Å, indicated with arrows in Figure 2.17; however, the effects are minimal. Upon thermal 
annealing this order was lost, and the resulting diffractogram was found to be featureless. This was 
attributed to the transition from the “glassy” regime into the “rubber” regime when DCV-H was 
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heated above its Tg upon annealing. The reorganisation process decreased the overall order within the 
pristine film, with the subsequent cooling process resulting in a vitrified sample. The pure acceptor 
material Rho-EtH showed no significant diffraction peaks in either the as-cast or annealed film. 
These results are in good agreement with the DSC analysis, where DCV-H showed partial ordering 
(i.e., semicrystalline), and Rho-EtH was amorphous.   
 
Figure 2.18: Specular XRD diffraction plots of Rho-EtH (a) and DCV-H (b) when blended with 
P3HT at various blend ratios. Open circles show as cast films, with filled circles for annealed (130 
°C for 5 min) films. Traces are offset for clarity.  
 
2.7.2 Blended Films 
Analysis of the blended films was completed at three weight ratios: 30 %, 50 %, and 70 % 
P3HT. All blend ratios (for both DCV-H and Rho-EtH) showed peaks in alignment with the first 
three (h00) peaks for P3HT with no contribution from the acceptor anticipated to have occurred 
[Figure 2.18]. The relative intensity of (100) peaks RI(100) are shown in Figure 2.19a, and were 
calculated by referencing the maximum peak intensity to that of pure, un-annealed P3HT, adjusting 
for P3HT concentration:  
 𝑅𝐼(100) =
𝐼(100)
𝑖
𝐼(100)
0 ∙ 𝑤𝑖
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Where 𝐼(100)
𝑖 , 𝐼(100)
0 , and 𝑤𝑖 are the (100) peak intensity for a blended film, (100) peak intensity for 
pure component, and the weight fraction of component i, respectively. When blended with Rho-EtH, 
the relative crystallinity of P3HT observed via XRD was in agreement with DSC results [Figure 2.16]; 
where P3HT dominating blends showed an enhancement to P3HT crystallinity compared to pure 
P3HT films. XRD indicated that no significant disruption to crystallinity in the acceptor dominating 
blend (30 % P3HT) had occurred. Thermal annealing of the 50 % and 70 % P3HT blends at 130 °C 
for 5min induced increased crystallinity, while the impact upon 30 % P3HT film was negligible. All 
blend ratios showed a shifting of peaks to a lower 2θ values upon annealing. A larger shift was 
observed with increased P3HT content; representative of an expansion in the lattice spacing and 
attributed to dissolution of materials [Figure 2.19b]. Therefore, in good agreement with DSC analysis, 
XRD indicated that the addition of Rho-EtH to P3HT will generally lead to increased separation of 
the donor and acceptor materials, thus an increase of P3HT crystalline domains.    
 
Figure 2.19: Progression of P3HT(100) peak (a) relative intensity; and (b) position; when 
blended with DCV-H and Rho-EtH at various concentrations. Peak intensity is displayed as a ratio 
to that of pure un-annealed P3HT, adjusting for concentration. As cast films are represented by 
open markers with dashed lines, with annealed (130 °C, 5 min) films represented by filled markers 
with solid lines. 
 
When DCV-H was a major component within the film (30 % and 50 % P3HT), P3HT 
crystallinity was inhibited, with little change observed upon thermal annealing. Compared to pure 
P3HT, crystallinity was seen to increase when P3HT was blended with 30 % DCV-H. A further 
enhancement to P3HT crystallinity was observed by thermal annealing at this blend ratio. As 
indicated by DSC, DCV-H and P3HT demonstrated poor miscibility, thus, it is likely that the 
dispersion of DCV-H into P3HT resulted in heavily intermixed domains and disruption to P3HT 
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crystallinity. However, it is interesting to note that the trend of relative crystallinity by XRD and 
𝑅𝐼(100)  is opposite to that observed by DSC and 𝑓𝑃3𝐻𝑇  [Figure 2.16]. A potential cause may be due 
to the method of analysis: DSC thermal analysis observes the crystallinity of the bulk sample; while 
XRD only profiles the topmost portion in contact with air.410, 411 Vertical phase separation may result 
in increased amorphous behaviour at the organic-air interface to dominating XRD reflections; while 
crystalline P3HT domains contained to the substrate-organic interface may be less accessible by XRD 
methods.255, 412-414 Alternatively, investigation of pure P3HT systems demonstrates defects within 
crystal packing (i.e., intermolecular order) can significantly reduce XRD reflections without 
disrupting the DSC-determined crystallinity, which is largely determined by intramolecular order.402 
The 50 % P3HT:DCV-H blend showed no shift of peak position upon annealing, and it was theorised 
that the materials were so finely dispersed that the entanglement of polymer chains prevented any 
significant rearrangement from occurring. Thus, the overall density of the film was maintained.415 
Investigation of polymer:polymer blends have suggested chains containing similar structural motifs 
are more likely to entangle, irrespective of thermal annealing.203, 416 Attention is drawn to the 
structural similarity of the P3HT repeating unit and n-hexylthiophene solubilising group within DCV-
H. In comparison, the 30 % and 70 % blends both show a decrease in 2θ upon thermal annealing, 
representing an expansion of the crystal lattice. As the annealing temperature is above the Tg of DCV-
H, thermal rearrangement of both the donor and/or acceptor was likely occurring. The structural 
reorganisation upon heating will be driven by the material in excess, governing a change in the lattice 
spacing and thus the angle of scattering; likely due to expulsion of the immiscible diluent from the 
dominating component.417, 418  
As crystalline domains of P3HT have been found to be beneficial for OPV device 
performance, XRD analysis suggests Rho-EtH will perform well across most blend ratios, while 
DCV-H will be restricted to high P3HT devices where the crystallinity is less impeded. Extrapolating 
from the behaviour demonstrated within the DSC thermal analysis, Rho-H and DCV-EtH are likely 
to provide XRD profiles similar to that of DCV-H, due to the expected formation of highly intermixed 
films with little P3HT:acceptor repulsion.  
2.8 Device Performance 
2.8.1 Device Predictions 
A prediction towards the comparative OPV device performance of acceptor materials when 
blended with P3HT was completed based on the analysis thus far. Opto-electronic analysis suggested 
similar exciton generation and separation processes for all acceptor materials due to comparable 
absorption profiles; PL quenching behaviour; and IP/EA energy levels which were complimentary to 
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that of P3HT. Provided adequate photoexcitation occurs, all devices are likely to undergo both 
Channel I and Channel II processes simultaneously. However, the low hole and electron mobilities 
were expected to restrict charge extraction pathways and result in low Jsc values within the device 
output characteristics due to non-geminate recombination processes. DSC thermal analysis in 
conjunction with XRD profiling highlighted the subtly in film morphology between structurally 
similar materials. Blends containing Rho-EtH and P3HT were expected to result in the most ideal 
morphology, as DSC and XRD analysis suggested a balance between miscibility (providing 
favourable interface energy for exciton separation), and donor-acceptor repulsion (increased 
percolation pathways limiting non-geminate recombination) could be achieved. Conversely, while 
DCV-H, DCV-EtH and Rho-H indicate partial miscibility with P3HT, the blends were expected to 
form highly intermixed/dispersed films with an unfavourable disruption to P3HT crystallinity which 
was expected to decrease charge collection.   
2.8.2 Manufacturing Approach 
While these experiments were able to provide information relating to the intrinsic behaviour 
of two materials; the large number of variables associated with device manufacture was yet to be 
explored. For example: the film thickness; deposition solvent (including solution concentration); rate 
of film formation; and annealing procedures; are just some examples which were expected to 
influence the morphology of the BHJ active layer. Unfortunately, it was unknown how these 
variations would alter the film morphology and resulting performance, thus, a step-wise optimisation 
procedure was employed as to ensure the best possible performance was achieved. Furthermore, 
variations to donor:acceptor blend ratio were expected to impact device performance through the 
influence upon light absorption, charge extraction characteristics, and underlying morphology and 
percolation pathways. To understand the impact of these factors on device performance in a stepwise, 
sequential and reproducible manner, each P3HT:TPA acceptor pair was independently optimised for 
the highest power conversion efficiency by following the generalised trend: 
 1) Film thickness at a blend ratio of 1:1  
- Aimed to understand the limit of exciton and charge diffusion/extraction with an 
approximately equal amount of light absorption from both donor and acceptor materials for 
balanced contribution from both Channel I and Channel II processes.    
 2) Blend ratio dependence at optimum device thickness recorded for step 1) 
- Once the optimum thickness was achieved; devices with varying blend ratios were made as 
to investigate the influence of donor/acceptor concentration on charge extraction. 
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  3) Device Treatments (e.g., annealing/drying time) across all blend ratios 
- Additional post-deposition treatments were attempted to investigate their influence on 
device performance. 
For all manufactured devices, the general architecture consisted of a glass substrate with patterned 
ITO, upon which a 30 nm film of PEDOT:PSS was spin cast and dried, before the substrates were 
transferred into a glove box with oxygen and water concentration below 10 ppm. The organic layer 
was spin cast from solution and dried, before any post-deposition treatments were completed. The 
devices were completed by thermal evaporation of calcium (15 nm), and aluminium (80 nm) under a 
vacuum of 10-6 mbar. The following sections describe the processes taken to optimise each 
donor:acceptor pair. Multiple devices for each set of conditions were made, with the standard 
deviation represented by error bars on relevant graphs, while the device output characteristics from 
the highest performing (hero) device for each unique dataset are summarised in tables. Due to the 
large number of manufactured devices, IV and EQE curves are only shown when necessary to 
highlight important trends.    
2.8.3 Optimisation: DCV-H (Linear Chain Dicyanovinyl)  
For initial attempts of device manufacture, both P3HT and DCV-H were dissolved at 32 
mg/ml in DCB and heated at 50 °C until dissolved. The solutions were cooled to room temperature 
before being mixed in a 1:1 volumetric ratio with vigorous stirring. The blended solution was passed 
through 0.2 μM PTFE syringe filter with the aim of removing any small particulate contamination, 
however the solution was difficult to pass though the filter which suggested partial insolubility of the 
mixture at room temperature. The filtered solution was spin cast onto glass/ITO substrates at a variety 
of spin speeds to investigate the influence of active layer thickness. All of the resulting films were 
cloudy and appeared rough to the naked eye, indicating a large degree of aggregation. This was 
confirmed via thickness measurement of the active layer with a Dektak profiler; where a surface 
roughness up to 50 nm was observed; representing a ±25-50 % variation in total BHJ layer thickness. 
The high roughness was expected to result in irregular charge generation and extraction across the 
device active area. Therefore, it was no surprise that the devices performed poorly with a maximum 
PCE of 0.1 % (BHJ = 90 nm) [Figure 2.20, Table 2.6].  Decreasing the solution concentration to 24 
mg/ml enabled the solution to be more easily filtered; however, the resulting films had limited 
improvement towards PCE [Figure 2.20, Table 2.6] and still contained a high degree of roughness.  
Recent literature has highlighted that processing from a warm solution can be beneficial for both the 
manufacture and performance of OPVs, particularly those with limited solubility.108, 221  Therefore, 
warm processing conditions were attempted with the aim of creating smooth uniform films.  
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The solutions containing P3HT and DCV-H were again prepared at 24 mg/ml, however this 
time they were dissolved, blended, filtered, and kept at 60 °C for the duration of device manufacture. 
To prevent the warm solution rapidly cooling upon deposition to the substrate, the substrate and spin 
coating slide holder were also heated at 60 °C.  A series of devices containing P3HT:DCV-H (1:1) 
was produced using this method, with various spin speeds resulting in films with BHJ thickness 
between 65 nm and 110 nm. The warm processed films showed a significant improvement to film 
appearance which was reflected by decreased surface roughness of ±5-8% of average film thickness. 
Increasing the processing temperature from room temperature to 60 °C was observed to increase the 
VOC from ~0.40 V to ~0.70 V [Figure 2.20, Table 2.6]. This VOC increase was thought to result from 
more favourable interactions between P3HT and DCV-H; more specifically, a decrease to the 
interface disorder between the donor and acceptor.46, 108, 221, 419-422 The warm processing method 
tripled the device performance to 0.3 %; and similar to the room temperature processed devices, 
thinner BHJ layers led to higher efficiencies. A general trend across all devices [Figure 2.20] shows 
a decrease in JSC with increasing active layer thickness. This was attributed to an increase in non-
geminate recombination process caused by the low electron and hole mobility of DCV-H.230, 344, 347, 
423 As a result, devices with an active layer above 110 nm were not attempted with the warm 
processing method as current density was expected to decrease further, impeding the performance. 
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Figure 2.20: Thickness dependence of BHJ layer on (a) PCE; (b) FF; (c) VOC; and (d) JSC, when 
DCV-H is blended with P3HT in a 1:1 ratio under a variety of conditions. Error bars represent the 
standard deviation within a dataset.  
   The next step in the device optimisation process was to vary the ratio of donor to acceptor. 
With the success of warm processing at 1:1 blends, this method was used for all additional blend 
ratios. Solutions were dissolved, mixed in their relative volumetric ratios, filtered, and spun from a 
60 °C solution at various spin speeds to maintain a film thickness of 75 nm. A summary of hero 
devices can be seen in Table 2.6 with a comparison of blend ratios with a common BHJ thickness of 
75 nm seen in Figure 2.21.  The highest efficiencies were recorded for the acceptor dominating 
devices where a maximum PCE of 0.4 % was achieved within the 30 % P3HT device. As indicated 
by DSC analysis, low acceptor loading inhibits crystallisation of P3HT, with small domain size the 
likely source of lowered JSC and PCE in P3HT dominating blends. XRD experiments suggested 
thermal annealing will induce significant re-organisation and crystallisation within the high P3HT 
content blends, while the effect on acceptor dominating films was minimal. Therefore in an attempt 
to increase device performance, thermal annealing above the Tg of DCV-H was completed (130 °C 
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for 5 min) before application of metal contacts. The results can be seen in Figure 2.21 in comparison 
to the as-cast (un-annealed) devices, with a typical IV curves shown in Figure 2.22.  
 
Table 2.6: Hero device performance parameters of various blends of P3HT with DCV-H when 
processed at 60 °C, as-cast and annealed.  
P3HT 
 (%) 
BHJ 
(nm) 
VOC 
(V) 
JSC  
(mA/cm2) 
FF 
PCE 
(%) 
30 % 80 0.72 1.2 0.41 0.3 
 70 0.72 1.3 0.41 0.4 
 70a 0.58 1.8 0.40 0.4 
 65 0.72 1.4 0.42 0.4 
40 % 70 0.70 1.2 0.41 0.3 
 75 0.72 1.3 0.40 0.4 
 75a 0.56 1.7 0.38 0.4 
50 % 110 0.70 1.0 0.38 0.3 
 105 0.72 1.0 0.39 0.3 
 100 0.74 0.9 0.38 0.3 
 95 0.70 1.0 0.37 0.3 
 80 0.70 1.3 0.40 0.4 
 75 0.72 1.1 0.35 0.3 
 75a 0.58 1.9 0.42 0.5 
 70 0.72 1.1 0.42 0.3 
 65 0.74 1.2 0.37 0.3 
60 % 1700 0.72 0.6 0.30 0.1 
 2200 0.70 0.9 0.27 0.2 
70 % 100 0.72 0.6 0.27 0.1 
 75 0.72 0.7 0.28 0.1 
 75 a 0.58 1.9 0.37 0.4 
a annealed at 130 °C for 5 min 
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Figure 2.21: Blend ratio dependence of P3HT:DCV-H devices listed as P3HT % on (a) PCE; (b) 
JSC; (c) Voc; and (d) FF.  BHJ thickness is maintained at ~75 nm. 
 
Figure 2.22: Current density / voltage (J – V) curves of BHJ hero devices (75 nm) with DCV-H and 
P3HT (wt %) at various concentrations of both as cast films (dashed), and annealed (solid lines) 
devices. Annealed devices: 130 °C, 5min. 
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In agreement with XRD predictions, thermal annealing had no significant effect on the overall 
performance of the 30 %, 40 %, and 50 % P3HT devices, where PCE was maintained at ~0.4 % with 
an increase in JSC offset by a decrease in VOC. As expected, annealing had a pronounced effect on the 
70 % P3HT device, with an increase in PCE from 0.1 % to 0.4 % after thermal treatment. This 
performance enhancement was dominated by the increase in JSC from 0.7 mA/cm
2 to 1.9 mA/cm2; 
likely due to thermally induced ordering of P3HT increasing percolation pathways for more efficient 
charge collection.202, 424 The decrease in VOC observed for all blend ratios upon annealing was 
attributed to recombination at the donor/acceptor interface. Increased recombination (particularly 
those with fast recombination processes) is often observed with excessively intermixed materials due 
to more frequent encounters between free charge carriers.46, 425 Therefore, annealed films containing 
P3HT and DCV-H were likely excessively intermixed with increased recombination processes 
resulting from an increase in donor-acceptor interfaces.  
In summary, the device results containing P3HT and DCV-H were in good agreement with 
the predictions provided by DSC, XRD, and charge carrier mobility analyses. Acceptor DCV-H was 
observed to inhibit crystallisation of P3HT (especially at low acceptor loading) which thermal 
annealing was able to re-induce. However, excessive intermixing of donor-acceptor domains in 
combination with low charge carrier mobility was theorised to result in excessive recombination 
process, producing the poorly performing devices.   
 
2.8.4 Optimisation: Rho-H (Linear Chain Rhodanine) 
The method for device manufacture of Rho-H followed a similar procedure to that of DCV-
H. Individual solutions of P3HT and Rho-H at 32 mg/ml in DCB were heated at 50 °C until dissolved. 
The solutions were cooled to room temperature before mixing in a 1:1 volumetric ratio with vigorous 
stirring. However as was seen with DCV-H, filtering through a 0.2 μM PTFE syringe filter was 
difficult, suggesting partial insolubility at room temperature. The resulting films contained visible 
particulates/aggregates and were difficult to consistently reproduce. Spin casting from a decreased 
solution concentration of 24 mg/ml in DCB decreased the number of visible particulates; however, 
the films were thin with an uneven appearance. There appeared to be a slight increase in performance 
as the active layer was increased from 55 nm to 100 nm, though the large degree of variation due to 
poor film quality prevented any major conclusions [Figure 2.23].   
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Figure 2.23:  Thickness dependence on PCE, FF, Voc and Jsc, when Rho-H is blended with P3HT 
in a 1:1 ratio. 
The cold-crystallisation process observed within DSC analysis of Rho-H dominating blends 
suggested film morphology is highly dependent on processing conditions, with thermodynamically 
favourable confirmations unlikely to occur. Long film drying times within the DSC measurement 
(order of hours) was insufficient to nucleate ordered regimes, and the films were thought to populate 
a localised thermodynamic minimum. Therefore, as indicated by the lack of JSC-thickness dependence 
and high error associated with PCE and VOC values, the large disparity in performance of P3HT:Rho-
H devices was likely due to formation of highly disordered morphologies. The significantly fast 
processing time for BHJ layer deposition (order of minutes), was likely exacerbating the entrapment 
of various disordered domains, resulting in low reproducability.  
Nether the less, additional blend ratios were attempted with the aim of increased performance 
and further understanding of film behaviour [Figure 2.24, Table 2.7]. The best performing devices 
were those with low P3HT content, where a maximum PCE of 0.7 % was recorded at 40 % P3HT. 
DSC analysis suggests partial miscibility of Rho-H with P3HT; however, disruption to P3HT 
crystallinity is also expected to occur. In a similar trend to blends containing DCV-H, increasing the 
concentration of P3HT was seen to rapidly decrease performance. This performance decrease likely 
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resulted from inadequate formation of percolation pathways and a disruption to P3HT crystallinity, 
as indicated by the decreasing value of JSC with increasing P3HT content. Due to the observed low 
performance in conjunction with considerable concerns regarding device reproducibility, further 
optimisation of P3HT:Rho-H devices was abandoned. 
 
Figure 2.24: Blend ratio dependence on (a) PCE; (b) FF; (c) Voc; and (d) Jsc, for P3HT:Rho-H 
BHJ devices when the active layer thickness is maintained between 60-70 nm. 
 
  
Chapter Two 
 86 
 
Table 2.7: Hero device performance parameters of various blends of P3HT with Rho-H when 
processed at room temperature from 24 mg/ml solution 
P3HT  
(%) 
BHJ 
(nm) 
Voc 
(V) 
Jsc  
(mA/cm2) 
FF 
PCE  
(%) 
30 % 60 0.72 1.8 0.39 0.5 
 50 0.80 1.6 0.51 0.7 
40 % 60 0.80 1.9 0.42 0.6 
 55 0.80 1.9 0.44 0.7 
50 % 75 
70 
0.78 
0.80 
1.6 
1.9 
0.35 
0.38 
0.4 
0.6  
 65 0.82 1.2 0.36 0.4 
 55 0.78 1.8 0.42 0.6 
 50 0.78 1.2 0.36 0.3 
 40 0.70 1.0 0.32 0.2 
60 % 70 0.82 1.2 0.31 0.3 
70 % 80 0.84 0.5 0.25 0.1 
 75 0.84 0.5 0.26 0.1 
 70 0.84 0.6 0.26 0.1 
 
2.8.5 Optimisation: DCV-EtH (Branched Chain Dicyanovinyl)  
Optimisation of P3HT:DCV-EtH followed the same procedure as completed for the n-hexyl 
TPA compounds. The increased solubility of the 2-ethylhexyl chained derivatives allowed device 
manufacture of 1:1 blends of P3HT:DCV-EtH to be completed from a 32 mg/ml DCB solution. 
Filtering the blended solution at room temperature through a 0.2 μM PTFE syringe filter was 
completed easily. Spin casting the filtered solution at a variety of spin speeds resulted in a BHJ 
thickness between 45 nm and 125 nm. A summary of device performance of the 1:1 blends can be 
seen below in Figure 2.25, with the charge output characteristics of the highest performing devices 
listed in Table 2.8. Interestingly, while light absorption was expected to be limited due to the thin 
active layer, the 45 nm BHJ provided the highest efficiency (0.4 % PCE). The increased performance 
in comparison to thicker active layer devices was attributed to the increase in JSC, as the VOC remained 
constant across all devices. As the active layer increased from 45 nm to 125 nm, the JSC decreased by 
75 % from 2.0 mA/cm2 to 0.5 mA/cm2, likely due to the limited electron and hole mobility of the 
acceptor material. While the devices with an active layer less than 70 nm appear to be beneficial for 
charge migration and charge extraction, there was an increased degree of error associated with device 
performance. The thinner devices (especially <50 nm) had an increased propensity to fail, and were 
unable to be consistently manufactured. The increased failure rate of devices with a thin active layer 
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was likely due to defects such as aggregated particulates or pin holes having a more pronounced effect 
in comparison to the >70 nm devices.  
 
Figure 2.25: Thickness dependence on (a) PCE; (b) FF; (c) Voc; and (d) Jsc, when DCV-EtH is 
blended with P3HT in a 1:1 ratio  
Table 2.8: Hero device performance parameters of P3HT with DCV-EtH when blended at a 
1:1 ratio. Devices were manufactured at room temperature from 32 mg/ml solution in DCB. 
P3HT (%) 
BHJ 
(nm) 
Voc 
(V) 
Jsc  
(mA/cm2) 
FF 
PCE 
(%) 
50 % 125 0.64 0.8 0.29 0.1 
 110 0.64 0.8 0.29 0.2 
 100 0.68 0.9 0.29 0.2 
 90 0.70 0.9 0.32 0.2 
 80 0.58 2.1 0.30 0.4 
 75 0.60 1.2 0.36 0.3 
 70 0.64 1.6 0.31 0.3 
 60 0.64 1.4 0.33 0.3 
 45 0.58 2.2 0.35 0.4 
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Based on these observations, two active layer thicknesses were attempted when completing 
the next step of investigating the optimal blend ratio composition. A thickness of ~75 nm was 
expected to allow for sufficient reproducibility, while also assisting the charge extraction of the 
mobility impaired acceptor material. Alternatively, a BHJ thickness of ~110 nm was expected to 
enhance the JSC by enabling greater light absorption; particularly in blends with increased acceptor 
content as DCV-EtH has strong light absorption across the visible light spectrum. However, the 
thicker devices were expected to be limited by the poor charge carrier mobility of DCV-EtH. 
Performance of DCV-EtH as a proportion of P3HT content (%) is shown in Figure 2.26, when the 
active layer thickness was maintained at either 75 nm, or 110 nm. 
 
Figure 2.26: Blend ratio dependence on (a) PCE; (b) FF; (c) Voc; and (d) Jsc, when DCV-EtH is 
blended with P3HT in various ratios. Results are listed as a function of P3HT % when BHJ 
thickness is 75 nm (red) or 110 nm (blue). Error bars represent the standard deviation of  
The two BHJ thicknesses performed similarly across all blend ratios, with 30 % to 50 % P3HT 
content devices yielding the highest PCE of ~0.2 %. Decreasing P3HT content below 30 % was found 
to result in a significant degree of device failure; attributed to the visibly poor film quality. 
Furthermore, as DCV-EtH has a tendency to aggregate within a neat film, it was not unexpected for 
blends with low P3HT content to demonstrate poor film quality. DSC analysis also indicated that 
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DCV-EtH inhibited P3HT crystallisation when P3HT concentration was below 30 %. Thus, the rapid 
decrease in JSC, and subsequently PCE, within the 10 % and 20 % P3HT (110 nm) devices was 
attributed to inefficient charge extraction from the amorphous-amorphous domains. However, this 
conclusion should not be overstated as the low charge carrier mobility of DCV-EtH was also likely 
to limit charge extraction, regardless of the phase behaviour. The 75 nm, 20 % P3HT device had the 
highest performance (0.4 % PCE) however, only one device was able to be successfully produced. 
Consequently, while it suggests higher performing devices may be possible with P3HT:DCV-EtH 
blends; it was statistically invalid and ignored in further analyses.  
The JSC values recorded for the 30 % and 40 % P3HT devices was slightly higher within the 
110 nm films compared to the 75 nm films: suggestive of the initial hypothesis of increased light 
absorption (i.e., increased exciton formation) in thicker, acceptor dominating films. Increasing the 
P3HT content to 90 % decreased the JSC and PCE in both 75 nm and 110 nm devices. As discussed 
previously and in agreement with the observations for DCV-H and Rho-H containing films; DSC 
analysis indicated DCV-EtH inhibited P3HT crystallisation in donor dominating devices. Increased 
P3HT disorder likely resulted in inefficient percolation pathways, and contributed to the decreasing 
JSC and PCE in the thicker devices. Furthermore, within the 90 % P3HT devices, charge generation 
is predominately limited to Channel I processes, with solar energy extending beyond the absorption 
of P3HT remaining largely uncollected.   
Two methods were attempted for further device improvement. Thermal annealing was 
completed at 130 °C for 5 min (before the addition of metal contacts) with the aim of inducing an 
improved film structure. Additionally, as morphology of the active layer has been found to be 
dependent on the rate of film formation, attempts at slowing the speed at which the films dried was 
also attempted.221, 348, 426, 427   It was hoped that slow film formation would allow sufficient time for 
nucleation and increased crystal growth of P3HT.122 
The standard method of film formation until this point involved: pipetting a solution onto the 
ITO substrate; spinning at the desired spin speed for 25 seconds; removing the substrate from the spin 
coater and placing on a clean surface; and immediately covering with a 12 cm glass Petri dish. The 
films appeared predominately dry when taken off the spin coater; however the Petri dish was 
employed as to create a more tightly controlled environment (in comparison to ambient glove box 
atmosphere) if any further film drying was to occur. With this method, the morphology of the film 
had largely been determined within a ~25 second drying window. To slow down the film drying 
process, the substrates were spun for only 15 seconds, with the now visibly wet films removed from 
the spin coater and again covered with a 12 cm glass Petri dish. The decreased spinning time was 
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appropriate to maintain film thickness, however, slow ambient evaporation of the high boiling solvent 
under the Petri dish was now observed to occur over ~5 min.  It was anticipated that the high P3HT 
content devices would show improved performance with the slow drying method, as the large 
proportion of polymer chains would have sufficient time to arrange into an energetically favourable 
confirmation with limited intra- and inter-chain disorder.424, 426 The results are seen below in Figure 
2.27 with the best performing device output characteristics summarised in Table 2.9. Note that the 
“standard” method refers to devices where the BHJ layer was spin cast for 25 seconds, with the “slow 
dry” method referring to devices resulting from a 15 second spin casting time. Devices were produced 
at blend ratios between 20 % and 80 % P3HT content with the active layer maintained at 110 nm due 
to the previously observed increase to reproducibility in comparison to the similarly performing 75 
nm devices. Both the standard and the slow dried devices were also annealed at 130 °C for 5 min to 
further investigate the impact of film morphology on device performance. 
 
Figure 2.27: Blend ratio dependence on (a) PCE; (b) FF; (c) Voc; and (d) Jsc, when DCV-EtH is 
blended with P3HT in various ratios. Results are listed as a function of P3HT % when devices are 
spun: as per standard procedure; standard procedure with annealing; slow dried; and slow dried with 
annealing. BHJ thickness is 110 nm for all devices. Annealed devices held at 130 °C for 5 min. 
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Unexpectedly, the slow drying method had no significant impact on device performance under 
the analysed conditions. Both the standard and slow dried devices had a similar performance across 
all blend ratios, with PCE, JSC, VOC, and FF largely within error at each blend ratio. Consistent with 
DCV-H and Rho-H blends produced by standard methods, the slow dried (un-annealed) devices 
favoured the low donor blend ratios of 30 % and 40 % P3HT. The drop in JSC and PCE at high donor 
loading is again attributed to P3HT disorder. Thermal annealing at 130 °C for 5 min improved the 
performance of the high P3HT content devices for both standard and slow dried devices, resulting in 
similar efficiencies (PCE of ~0.2 %) across all 40 % to 70 % P3HT devices.  
Therefore, as there was little impact of drying time on overall performance, blends containing 
P3HT and DCV-EtH appear to be largely independent of film drying kinetics when deposited at room 
temperature. This was theorised to occur due to excessive intermixing of the donor and acceptor 
materials producing small, finely blended domains. As determined via DSC methods, the calculated 
value of χ0ca of 0.009 indicated limited repulsive interaction between P3HT and DCV-EtH, resulting 
in minimal driving force for the separation of donor acceptor domains. Thermal annealing was 
expected to further diffuse the materials, resulting in devices with largely homogenous 
morphology.425 This homogenously dispersed morphology was indicated by the similarly poor device 
performance across all blend ratios and processing techniques. As phase separation is minimal, small 
domain sizes limit the formation of interconnected pathways, resulting in poor charge extraction.50 
Alternatively, similar results have previously been attributed to early aggregation in solution, where 
domain growth is consistent, and achieved quickly upon solution deposition.221, 428, 429 
 While there is some discrepancy in reported values, the P3HT exciton diffusion length is 
estimated to be ~10 nm, with organic small molecules of similar magnitude.58, 430, 431 In conjunction 
with the low charge carrier mobility of DCV-EtH, the charge generation observed for P3HT:DCV-
EtH blends was theorised to occur predominately from excitons generated (and free charges 
extracted), near the BHJ/electrode interfaces.  The bulk of the active layer was theorized to have little 
contribution towards device performance. Thus, all devices performed similarly. This was further 
indicated by the 1:1 P3HT:DCV-EtH blends discussed previously. The increased performance of 
devices with a thin (45 nm) active layer in comparison to devices with a thicker (110 nm) active layer 
was driven by an increased JSC; likely due to the ability of the bulk of generated excitons and free 
charge carriers to migrate across the active layer to be collected at the electrodes.  
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Figure 2.28: EQE spectrum of selected best performing devices when P3HT is blended with DCV-
EtH. The devices are manufactured under standard conditions at 20 %, 50 % and 80 % P3HT, with 
both un-annealed (dashed lines) and annealed (130 C, 5 min - solid lines) devices shown.  
Following the analysis of the current-voltage curve characteristics, the EQE spectrum was 
measured across all blend ratios for devices manufactured via both standard and slow dried methods. 
Both methods produced similar EQE spectrums at matching blend ratios. The JSC as measured via the 
current-voltage set up is in agreement with the integrated JSC calculated from EQE spectrum. For 
simplicity, only the 20 %, 50 %, and 80 % P3HT devices produced via standard methods are shown 
in Figure 2.28. Due to the poor performance of the devices, the EQE spectra contain a large degree 
of fluctuation. Nether the less, two major peaks are seen at λmax ~360 nm and ~600 nm. The unique 
absorption from DCV-EtH at ~360 nm, and above 620 nm, suggests charge extraction at these 
wavelengths arises exclusively from the Channel II process. Both Channel I and/or Channel II 
processes could occur at ~600 nm due to the significant overlap in absorption spectrum of DCV-EtH 
and P3HT. Thermal annealing had the most pronounced effect on the EQE spectra of devices 
containing high acceptor content, with a ~1 % enhancement across the observed range. The EQE 
spectra of P3HT dominating devices were largely unchanged upon thermal annealing.  
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Table 2.9: Device output characteristics of highest performing devices containing P3HT and 
DCV-EtH in various blend ratios, listed as function of P3HT %.  
P3HT (%) 
Processing 
condition 
Voc  
(V) 
Jsc 
(mA/cm2) 
FF 
PCE  
(%) 
10 a 0.42 0.5 0.36 0.1 
20 a 0.40 0.9 0.38 0.1 
 b 0.46 0.6 0.39 0.1 
 c 0.40 0.9 0.40 0.1 
 d 0.50 0.9 0.37 0.2 
30 a 0.50 1.3 0.37 0.2 
 b 0.58 1.1 0.33 0.2 
 c 0.44 1.1 0.38 0.2 
 d 0.50 0.9 0.42 0.2 
40 a 0.50 1.4 0.35 0.2 
 b 0.56 1.2 0.36 0.3 
 c 0.46 1.3 0.38 0.2 
 d 0.52 1.1 0.43 0.2 
50 a 0.50 1.2 0.33 0.2 
 b 0.56 1.4 0.36 0.3 
 c 0.46 1.2 0.34 0.2 
 d 0.52 1.1 0.42 0.3 
60 a 0.50 1.0 0.31 0.2 
 b 0.54 1.4 0.37 0.3 
 c 0.48 1.2 0.33 0.2 
 d 0.54 1.3 0.42 0.3 
70 a 0.58 1.0 0.27 0.2 
 b 0.56 1.1 0.35 0.2 
 c 0.50 1.0 0.30 0.2 
 d 0.54 1.1 0.42 0.3 
80 a 0.58 0.6 0.25 0.1 
 b 0.58 0.7 0.32 0.1 
 c 0.54 0.7 0.27 0.1 
 d 0.56 0.9 0.36 0.2 
90 a 0.64 0.3 0.21 0.0 
Processing conditions: a) standard conditions  b) standard conditions with thermal anneal c) slow dry d) slow 
dry with thermal anneal. Thermal anneal at 130 °C for 5min. All devices have BHJ thickness of 110 nm 
Chapter Two 
 94 
 
2.8.6 Optimisation: Rho-EtH (Branched Chain Rho) 
 In line with the device optimisation procedures of previous acceptor materials, the first step 
in the optimisation of P3HT:Rho-EtH blend was to complete a thickness dependence study when 
blended in a 1:1 ratio. Films were prepared as per the “standard” method described for DCV-EtH. 
Sufficient solubility of Rho-EtH allowed the mixture to be processed from a 32 mg/ml solution in 
DCB at room temperature. The results are summarised in Figure 2.29 with hero device performance 
parameters in Table 2.10. While the resulting devices had a visually poor film quality reflected by 
inconsistent results, general trends can still be observed. As the thickness of the active layer increased 
from 65 nm to 115 nm, the PCE increased from 0.3 % to 0.7 %. This was primarily due to an 
enhancement in JSC, likely caused by increased light absorption and exciton generation within the 
thicker films.  The JSC appears to reach a plateau for films between 95 nm and 115 nm, and it was 
theorised that the limit of exciton diffusion and charge extraction for this system had been reached. 
Therefore, a film thickness of 100 nm was chosen for blend ratio optimisation, as it was expected to 
provide an ideal balance between light absorption and charge extraction.  
 
Figure 2.29: Thickness dependence on (a) PCE; (b) FF; (c) Voc; and (d) Jsc, when Rho-EtH is 
blended with P3HT in a 1:1 ratio 
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Due to the inconsistent film formation with the 1:1 blends when processed under standard 
conditions, the slow drying method was also employed for blend ratio optimisation in the hopes of 
improved film quality and minimisation of experimental error. Additionally, it was anticipated that 
the longer drying time would enable an energetically favourable morphology to form, improving 
performance. As undertaken with DCV-EtH, thermal annealing at 130 °C for 5 min was also 
completed as to investigate the effects on morphology and device performance. The results are 
summarised in Figure 2.30, with hero device performance parameters listed in Table 2.11. Unlike 
DCV-EtH, the two methods produced significantly different results for films containing Rho-EtH. 
The standard method showed an average PCE of ~0.4 % across most blend ratios, which was 
uniformly increased to ~1.0 % upon thermal annealing. The slow drying method provided a PCE of 
1.0 % for Rho-EtH dominating devices, while a decrease in JSC in at high P3HT loadings decreased 
the PCE to less than 0.5 %. Interestingly, thermal annealing of the slow dried films induced a 
significant enhancement to the PCE, where the highest PCE (2.0 %) was recorded for the 50 % P3HT 
blend.  
As indicated by DSC, P3HT and Rho-EtH are miscible and likely to arrange into energetically 
favourable conformations, with limited inter- and intra- molecular disorder. This was demonstrated 
by the remarkably consistent VOC across all measured devices indicating a consistent donor:acceptor 
interface energy. In contrast to the previously discussed acceptor materials, thermal analysis 
demonstrated Rho-EtH can induce increased P3HT crystallinity as well as a preference for 
P3HT:Rho-EtH repulsion (𝜒𝑐𝑎
0  = 0.022). This is reflected by increased JSC at high P3HT loading, 
indicative of increased P3HT crystallinity. For all film deposition methods, the more balanced blend 
ratios (40 %, 50 %, 60 % P3HT) provided the highest PCE, with the more extreme blends (20 %, 80 
% P3HT) performing the least favourably. This was likely due to an ideal interface-to-bulk material 
ratio; allowing efficient exciton dissociation and extraction processes through extended percolation 
Table 2.10: Hero device performance parameters of P3HT with Rho-EtH at a 1:1 ratio, 
processed at room temperature from 32 mg/ml solution 
P3HT (%) 
BHJ 
(nm) 
Voc 
(V) 
Jsc  
(mA/cm2) 
FF 
PCE 
(%) 
50 % 115 0.80 1.9 0.44 0.7 
 100 0.76 1.9 0.35 0.5 
 95 0.80 1.9 0.42 0.6 
 85 0.86 1.2 0.35 0.3 
 75 0.86 1.1 0.35 0.3 
 65 0.88 1.1 0.33 0.3 
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pathways. Furthermore, provided Channel I and Channel II pathways were occurring simultaneously, 
the balanced blend ratios likely provided increased light absorption and exciton generation across the 
visible light spectrum due to complimentary absorption of the donor and acceptor.  
 
Figure 2.30: Blend ratio dependence on (a) PCE; (b) FF; (c) Voc; and (d) Jsc, when Rho-EtH is 
blended with P3HT in various ratios. Results are listed as a function of P3HT % when devices are 
spun: as per standard procedure; standard procedure with annealing; slow dried; and slow dried with 
annealing. BHJ thickness is 100 nm for all devices. Error bars represent standard deviation of each 
data set. 
The EQE spectrum was measured for all devices with the integrated JSC in agreement with the 
JSC measured via current-voltage curves. As reflected by increased PCE, the slow dried devices 
showed a significantly increased EQE in comparison to the standard made devices [Figure 2.31]. The 
standard made devices showed similar results to DCV-EtH; a broad contribution across the visible 
light spectrum, with two major peaks at λmax of ~400 nm and ~600nm. As discussed previously, 
Channel II processes were expected to exclusively occur where acceptor absorption is unique; the 
peak at ~400 nm, and wavelengths above ~620 nm. The slow dried devices showed a monochromatic 
EQE spanning from ~300 nm, to ~700 nm. The shape of the slow dried, annealed spectrum is ideal 
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for OPVs as it will allow for continuous charge generation across the visible light spectrum of equal 
intensity [Figure 2.31].  
 
Figure 2.31: EQE spectrum of selected best performing devices when P3HT is blended with Rho-
EtH. (a) 40 %, 50 %, 60 % and 70 % P3HT blends shown for standard annealed (dashed lines), and 
slow dried annealed (solid lines). (b) Comparison of both annealed methods at 50% P3HT for 
clarity. Annealing conditions are at 130 °C for 5 min. BHJ is 100 nm. 
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Table 2.11: Performance parameters of hero devices of P3HT and Rho-EtH in various blend 
ratios (listed as P3HT %), manufactured under a range of processing conditions. 
P3HT (%) 
Processing 
condition 
Voc  
(V) 
Jsc 
(mA/cm2) 
FF 
PCE  
(%) 
20 % a 0.80 1.6 0.59 0.7 
 b 0.82 1.4 0.64 0.7 
 d 0.82 2.3 0.61 1.2 
30 % a 0.80 1.8 0.43 0.6 
 b 0.84 1.7 0.49 0.7 
 c 0.80 3.2 0.38 1.0 
 d 0.82 3.7 0.64 1.9 
40 % a 0.86 2.0 0.36 0.6 
 b 0.84 2.5 0.54 1.2 
 c 0.80 3.6 0.37 1.1 
 d 0.82 4.4 0.61 2.2 
50 % a 0.82 1.8 0.42 0.6 
 b 0.82 3.0 0.44 1.1 
 c 0.80 4.2 0.36 1.2 
 d 0.82 4.6 0.59 2.2 
60 % a 0.80 2.1 0.43 0.7 
 b 0.82 2.9 0.43 1.0 
 c 0.78 3.1 0.24 0.6 
 d 0.82 5.0 0.52 2.1 
70 % a 0.82 1.4 0.27 0.3 
 b 0.82 2.8 0.41 0.9 
 c 0.80 2.7 0.22 0.5 
 d 0.82 4.1 0.48 1.6 
80 % a 0.82 1.0 0.23 0.2 
 b 0.84 2.9 0.43 1.0 
 c 0.76 1.4 0.20 0.2 
 d 0.84 2.8 0.37 0.9 
All devices have BHJ thickness of ~100 nm. Processing conditions: a) standard conditions  b) standard 
conditions with thermal anneal c) slow dry d) slow dry with thermal anneal. Thermal anneal = 130 °C for 5min 
 
Chapter Two 
 99 
 
2.8.7  Conclusions: General comments of Device Performance and Thermal analysis 
By optimisation of OPV devices containing P3HT and synthesised acceptor materials, 
conclusions to their performance in relation to their predicted behaviour can be discussed. For the 
highest performing devices the melting point as determined by DSC; and the JSC and PCE as 
determined by current-voltage measurements are summarised in Figure 2.32 as a function of P3HT 
percent for ease of reference. 
The charge carrier mobilities, IPs and EAs, and absorption and PL quenching of the acceptor 
materials, can all provide means to determine an optimal donor material for BHJ device manufacture. 
However as all four synthesised TPA materials showed comparable properties which were 
complimentary to that of donor P3HT, no distinction towards the relative device performance could 
be made based on these parameters alone. As BHJ morphology is critical to device performance, DSC 
analysis in conjunction with XRD analysis provided improved screening capabilities. If the donor 
and acceptor materials are both crystalline, the presence of a eutectic mixture will likely result in 
increased device performance due to formation of favourable three-phase morphology. Furthermore, 
reports of a close correlation of a eutectic mixture position to the ideal blend ratio can reduce the time 
and material required for device optimisation. However, if an amorphous material is blended with a 
crystalline material, the simplified phase diagram prevents a direct prediction of device performance, 
and an alternative analysis is required.  
As highlighted within this report, the largely unique application of fitting DSC melting point 
depression data to a modified Flory-Huggins equation was able to provide detailed insight into the 
behaviour of donor-acceptor blends. The general observation of a melting point depression by DSC 
in addition to strong linear fitting within the high acceptor regime of Kyu plots suggests donor-
accepter miscibility with favourable interface energy for charge extraction; correlating to an increased 
VOC. The absence of a melting point depression is likely to result in poor device performance due to 
limited donor-acceptor miscibility.  Calculation of the interaction parameter 𝜒𝑐𝑎
0  was able to elucidate 
the relative intensity of the donor-acceptor interaction, where more positive values represented an 
increased repulsive interaction. This was highlighted by the significant difference in device behaviour 
of DCV-EtH and Rho-EtH with respective 𝜒𝑐𝑎
0  values of 0.009, and 0.022. Regardless of film 
deposition technique, DCV-EtH was thought to form finely intermixed blends with P3HT due to 
limited repulsive interactions. Charge extraction pathways were likely limited as reflected by the poor 
device performance with a maximum PCE of 0.3%. Conversely, the increased repulsive interaction 
of Rho-EtH with P3HT was thought to favour increased domain sizes of pure material, allowing for 
more efficient charge extraction processes through extended percolation pathways with decreased 
bimolecular recombination. This was reflected by a significant increase to both JSC and PCE, where 
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a maximum PCE of 2.2 % was recorded for the blend. Extending from this concept, calculation of 
critical solvation concentration wcrit (𝜒𝑐𝑎 = 0) indicated the blend composition where a solid-solution 
transitions into phase separated regimes. For amorphous-crystalline systems, blend ratios below wcrit 
are expected to perform poorly due to limited phase separation and non-ordered regimes. However, 
confirmation of this hypothesis could not be thoroughly investigated in this report due to the low 
position of wcrit (~ 0.1) for all donor-acceptor pairs. Ideally, investigation of device performance at a 
range of blend ratios both below and above wcrit would be completed. As the correlation between wcrit 
and device performance is yet to be reported, it provides curiosity and direction for future work to be 
completed in this area.  
Further application of DSC thermal analysis in relation to OPV performance was the 
observation of a cold-crystallisation process within P3HT:Rho-H blends. The DSC experiment was 
able to provide insight towards the highly variable device performance, which may otherwise have 
been attributed to manufacturing errors. Furthermore, the relative domain crystallinity provided by 
DSC was compared with XRD analysis to elucidate phase behaviour at specific blend ratios and the 
resulting impact of BHJ crystallinity on device performance. While the DSC analysis does consume 
measurable time and material, it is significantly less than that required for optimisation by device 
manufacture and analysis alone. Furthermore, due to the wide application of DSC machines across 
multiple fields, this method enables pre-screening of blend ratios to research groups lacking device 
manufacturing capabilities. While DSC analysis may not be required for all systems, its unique 
morphological insight is a valuable tool for optimisation of organic blends and should be considered 
as a complimentary screening method alongside current procedures.  
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Figure 2.32: Melting point, JSC, and PCE as a function of P3HT % for TPA acceptors. Melting 
points are measured by the end point of melting from DSC analysis. Average JSC and PCE values 
for best performing devices are shown with error bars representing standard deviation from device 
output characteristics. Note that Rho-H is for un-annealed devices. Dashed lines are used as a guide 
to the eye only. 
CHAPTER 3 
Glycolated Materials with Enhanced Dielectric Constant for 
use within Organic Homojunction Devices 
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3.1 Glycolated Materials to Increase the Dielectric Constant 
Based on the enhanced dielectric constants (at both low and optical frequencies) reported for 
glycolated materials by Armin et. al. and the considerations discussed previously (i.e., planarity of π-
π systems, polarizability of a molecule, molecular tilt angle to the substrate surface, and molecular 
packing density) this chapter will describe the synthesis of a library of novel glycolated materials that 
have been engineered with the aim of tuning the dielectric constant to decrease exciton binding 
energy. To allow direct comparison with reported materials, the new compounds will contain the 
same central glycolated-cyclopentadithiophene unit. Manipulation of the end capping functional 
groups will be completed to not only alter the absorption and energetic levels, but to also investigate 
the impact of molecular packing on charge generation and extraction.  
Proposed target structures include the replacement of the currently successful dicyanovinyl 
group269 with analogues of varying electron affinity, conjugation length, and size to investigate the 
most influential factor on the high dielectric constant. Ideally, a wide range of targets would be 
synthesised to provide a thorough structure-property analysis. For example, end groups comprising 
of vinyl-diacetylene groups are expected to have a decreased electron affinity in comparison to the 
reported dicyanovinyl material, while maintaining the same overall size and conjugation length. 
Addition of trimethylsilyl groups to the terminal acetylene units is predicted to increase the steric 
bulk of the compound, with little influence towards the electronic properties or conjugation length. 
In a similar vein, addition of terminal bromine atoms will impart steric bulk with the added advantage 
of being a useful synthetic handle for future functional group attachment. Changing the vinyl linking 
group to an acetylene linker (or no linking group) can enable investigation into how influential the 
degree of conjugation is towards the dielectric constant. Examples of proposed structures are shown 
in Figure 3.1. While preliminary synthetic attempts were made towards all proposed structures, due 
to significant synthetic hurdles this report will focus on the complete synthesis and characterisation 
of only three materials: BT, vBT, and Ald. 
Once the target structures have been synthesised and characterised, their physical and opto-
electronic properties will be analysed, and preliminary homojunction device manufacture completed. 
An efficient route for high throughput material synthesis is a divergent pathway, where attachment 
of unique functional groups to a common intermediate will minimise the required synthetic steps. 
Due to the versatility of aldehyde functional groups, the previously reported aldehyde dimer Ald was 
chosen as a common intermediate, with extension towards some of the proposed targets seen in 
Scheme 3.1. Note that while only one functionalised benzothiadiazole group is shown for clarity, this 
project focuses on the symmetric di-substitution of both dimeric halves. This report will focus on the 
complete  
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Figure 3.1: Proposed target structures include the replacement of the (a) dicyanovinyl group 
highlighted in red as reported by Armin et al269 with (b) analogues of varying electron affinity, 
conjugation length, and size, to investigate the most influential factor on the high dielectric constant 
 
 
Scheme 3.1: Proposed transformations from reported aldehyde dimer Ald269 (red), to novel 
functionalised materials (blue). Transformations are expected to occur symmetrically on both ends 
of the dimerised aldehyde intermediate.  
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3.2 Synthesis 
3.2.1 Aldehyde Dimer (Ald) 
The synthesis of aldehyde intermediate Ald has been previously reported, with formation of 
the central glycolated cyclopentadithiophene unit 3.10 derived from commercially available starting 
materials, 2,2’-bithiophene 3.1 and 1-bromo-2-(2-methoxyethoxy)ethane 3.9 [Scheme 3.2].  
 
Scheme 3.2: Synthetic route towards glycolated cyclopentadithiophene unit 3.10 
The first step in the synthesis was the tetra-bromination of 2,2’-bithiophene 3.1 by addition 
of 3.95 equivalents of bromine. Slow dropwise addition of bromine to a solution of 3.1 at 0 °C was 
essential as to ensure preferential substitution at the C5 α-positions, followed by C3 substitution. Once 
the C5 positions were brominated, steric hindrance prevented reaction at the neighbouring C4, and 
refluxing overnight ensured the desired tetra-substituted derivative was achieved. Recrystallisation 
of the crude material provided target compound 3.2 as pale yellow crystals in a 85% yield. To ensure 
cyclisation of 3.2 would yield the desired isomer, protection of the C5 bromines with trimethylsilyl 
groups was completed by lithiation-halogen exchange with n-BuLi before addition of TMS-chloride. 
Strict temperature control at or below -90 °C was required to provide selective reactivity at only C5, 
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as over-substitution at the C3 positions was observed when the reaction temperature was maintained 
at -78 °C. Due to a similar observed polarity, separation of 3.3 from a sample containing three or 
more TMS groups could not be achieved by column chromatography on silica; with attempts at 
recrystallisation also unsuccessful. When the reaction temperature was kept at -90 °C, any un-reacted 
starting material or mono-substituted TMS derivatives were able to be removed via recrystallisation 
from methanol. Under these conditions, 3.3 could be isolated in a 47% yield.  Cyclisation to 3.4 was 
completed by lithium-halogen exchange with n-BuLi, followed by addition of dimethylcarbamoyl 
chloride, before quenching by the addition of water.  Rapid removal of the TMS groups to produce 
3.5 in an 87% yield was achieved by treatment with trifluroacetic acid (TFA). A Wolff-Kishner 
reduction of 3.5 with hydrazine hydrate and potassium hydroxide provided cyclopentadithiophene  
3.6 in an 82% yield. While 3.5 is insoluble in ethylene glycol, the high boiling solvent enabled 
reaction temperatures of ≥160 °C; where hydrazone intermediates could collapse with loss of gaseous 
nitrogen to form the target product 3.6 at a faster rate.432-434 As cyclopentadithiophene  3.6 was 
observed to decompose in the presence of light, efforts to exclude light in conjunction with decreased 
reaction times ensured minimal decomposition losses. Attachment of the glycolated side chains to 
produce 3.10 was achieved by reaction with commercially available 1-bromo-2-(2-
methoxyethoxy)ethane 3.9 in a 74% yield. Alternatively, the brominated glycol chain 3.9 was 
synthesised in high yields by a cost effective two-step method from commercially available 
diethylene glycol methyl ether 3.7, through the tosyl intermediate 3.8. As indicated by reports 
containing fluorene derivatives,435-437 it is likely that 3.8 could also be used for the alkylation directly; 
however optimisation with cyclopentadithiophene 3.6 is yet to be explored.  
The next step towards synthesis of Ald was the attachment of 7-bromobenzothiadiazole-4-
carbaldehyde 2.14 (see Chapter 2) via a palladium catalysed Stille coupling [Scheme 3.3]. Following 
literature procedures, installation of a stannane functionality at one of the available α-positions (to 
produce intermediate 3.11) was achieved by treatment of 3.10 with 1.2 equivalents of n-BuLi before 
addition of tri-n-butyltin chloride. The crude material was used without purification in following 
Stille conditions with 2.14 and bis(triphenylphosphine)palladium(II) dichloride (Pd(PPh3)2Cl2) in 
refluxing tetrahydrofuran. Aldehyde monomer 3.12 was isolated in a 28% two-step yield, which was 
in close agreement with the reported method (27%187). The low yield in combination with toxicity of 
organotin derivatives prompted the investigation into an alternate synthetic pathway. To utilise 
synthesised materials 3.10 and 2.14, a palladium catalysed Suzuki cross coupling reaction was 
proposed [Scheme 3.3]. It is important to note that while Suzuki couplings between aryl bromides 
and borylated thiophenyl derivatives have been reported in yields above 50%,438, 439 long term storage 
of 2-heterocyclic borylates should be avoided due to their inherent instability.440, 441  
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Scheme 3.3: Reaction scheme for the synthesis of the aldehyde monomer Ald 
Similar to the Stille pathway, the glycolated cyclopentadithiophene unit 3.10 was reacted with 
1.05 equivalents of n-BuLi to provide lithiation at one of the available α-positions. To minimise 
protonation of the lithiated species, the solution containing 3.10 and tetrahydrofuran was initially 
dried over molecular sieves before transferring to a new flask under argon, as to ensure any water 
bound to the hygroscopic glycol ether chains was removed. The lithiated species of 3.10 was reacted 
with 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane to produce borylated intermediate 3.13. 
Once the reaction was complete, water was carefully added to the reaction mixture as to quench any 
unreacted n-BuLi, and to subsequently remove water soluble salts via a liquid-liquid extraction. 
However, 3.13 was observed to be significantly miscible within the aqueous phase, where an 
estimated 25% of product mass remained after three extractions with diethyl ether. A further three 
extractions (six total) with diethyl ether were required to recover the bulk of the organic material. 
Consequently, brine was added to the aqueous phase in future attempts to decrease the solubility of 
3.13 in water. Removal of 3.13 from the aqueous phase was monitored via TLC, as 3.13 shows 
significant fluorescence at short wavelengths (254 nm) compared to the starting material 3.10. 
Purification of 3.13 by column chromoatography on silica resulted in significant loss to sample mass; 
likely due to the hydrolysis of the ester into an acid and resulting strong adsorption on silica. As 2-
heterocyclic borylates are known to be unstable, protodeboronation from Ar-B(OR)2  to Ar-H (3.13 
to 3.10) within the reaction mixture and following isolation procedures was also likely occurring, as 
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commonly observed within simple heteroaromatic systems.442 Therefore the crude sample was used 
without further purification. To investigate the efficiency of both borylation and subsequent Suzuki 
reactions, the ratio of 3.10 to 3.13 within the crude sample was estimated from integration of aromatic 
signals within the 1H NMR spectrum [Figure 3.2]. The origin of the low yield within the Stille 
pathway was difficult to determine by 1H NMR methods due to complicated spectra resulting from 
the coupling of tin nuclei to proton nuclei.  
 
Figure 3.2: 1H NMR spectrum of samples containing prononated 3.10 and boroylated 3.13 in 
varying ratios [H:B(pin) respectively] as estimated from integration of aromatic signals (inset). * is 
residual solvent peak, and # is assigned to H2O.  
Yields of the mono-borylation of 3.10 were found to vary between ~50-85%. Provided the 
isolated crude sample was solvent free and shielded from light, 3.13 was found to be stable at room 
temperature over multiple weeks, based on the retention of 3.13 to 3.10 ratio as determined from the 
1H NMR spectrum. Stability on longer time scales was not investigated.  
As 3.10 was unlikely to interfere with Suzuki coupling conditions, the crude sample was 
reacted with benzothiadiazole 2.14, utilising sodium carbonate and catalytic 
tetrakis(triphenylphosphine)palladium(0) in refluxing tetrahydrofuran. The reaction occurred slowly 
and 3.13 was still visible via TLC after 12 hours; with complete disappearance only observed after 
36 hours. Isolation of target aldehyde 3.12 by column chromatography on silica provided a two-step 
yield of 28%. Assuming the 1H NMR signals within the crude starting material correspond entirely 
to 3.10 and 3.13, the efficacy of the Suzuki coupling was calculated to be ~45%. As 
protodeboronation of slowly reacting 2-heterocylic borylates is thought to be exacerbated by the 
presence of base, and/or catalyst, decreased reaction time by increasing the solution temperature was 
theorised to be a method of increasing the yield.442, 443 When the reaction was undertaken using 
refluxing toluene and potassium carbonate as the base, complete consumption of 3.13 was observed 
after only 12 hours (via TLC), resulting in an increased Suzuki coupling calculated yield of ~70%. 
As potassium ions are known to coordinate to glycol ethers,444-447 an increase in strength of the 
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conjugate base alongside the increased solution temperature may have contributed to the improved 
yield.448 While the ratio of borylation was highly variable, the calculated yield of the Suzuki coupling 
was consistently ~70%; enabling a safer, higher yielding synthetic pathway compared to the reported 
Stille methods.  
After isolation and purification, 3.12 was iodinated with iodine chloride (ICl) following a 
literature procedure to produce iodinated material 3.14 in a 78% yield [Scheme 3.4]. The iodide 3.14 
was homocoupled under Stille conditions with bis(hexa-n-butylditin) to produce the aldehyde dimer 
Ald in a 56% yield; an improvement from the reported yield of 31%. A further increase of yield to 
~70% was observed when the bis(hexa-n-butylditin) was distilled immediately before use. Using a 
sample of bis(hexa-n-butylditin) within one week of careful distillation and storage under argon at -
20 °C, resulted in yields of only ~50%. Distillation of bis(hexa-n-butylditin) directly before use was 
found to be essential for maximised yields.  
 
Scheme 3.4: Synthesis towards aldehyde dimer Ald 
3.2.2 Dibromoalkene (vBr) 
From the aldehyde dimer Ald, a range of synthetic procedures were implemented to prepare 
the novel compounds as described previously [Figure 3.2]. The first target was dibromoalkene 
derivative vBr, which was anticipated to result from a Corey-Fuchs reaction with triphenylphosphine 
and carbon tetrabromide via formation of a reactive ylide [Scheme 3.5, Table 3.1]. Based on 
commonly reported procedures, a solution of triphenylphosphine was added slowly to a solution 
containing Ald and carbon tetrabromide at 0 °C [Table 3.1, Entry 1].  The solution colour transitioned 
from a deep royal-blue to a more purple-blue over two hours; coinciding with the disappearance of 
Ald and formation of a highly polar material as visualised via TLC. Attempts at purification were 
unsuccessful, and the newly formed material was unable to move on silica due to low solubility in 
common organic solvents. As the solubility and polarity of aldehyde Ald and dibromoalkene vBr 
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were expected to be comparable, decomposition of the glycolated material was theorised to occur. 
However it was unclear if decomposition of unreacted Ald or newly formed vBr had occurred.  
In an attempt to minimise decomposition by ensuring ylide formation was complete before 
reacting with Ald, the ylide was formed separately by addition of carbon tetrabromide into a solution 
containing triphenylphosphine at 0 °C [Table 3.1, Entry 2]. Successful ylide formation was indicated 
by the immediate transition from a colourless solution to bright yellow solution upon addition of 
carbon tetrabromide. Subsequently, a solution of Ald in dichloromethane was added dropwise into 
the ylide solution at 0 °C. No significant change was observed via TLC after 30 min, and the reaction 
vessel was warmed to room temperature. Unfortunately, after two hours at room temperature no 
reaction had occurred, which was thought to arise from limited solubility of Ald within the reaction 
mixture. The same procedure was undertaken in chlorobenzene at 70 °C [Table 3.1, Entry 3], however 
as no significant reaction was observed, it was concluded that the ylide species was short lived with 
degradation occurring before reaction with Ald. In an attempt to minimise decomposition of the active 
ylide species, a solution of triphenylphosphine and carbon tetrabromide was stirred at -20 °C before 
addition of the aldehyde. Furthermore, alternative Corey-Fuchs conditions reported by Grandjean et. 
al.,449 suggested that addition of triethylamine to the reaction mixture can help prevent the 
decomposition of highly functionalised and/or sensitive aldehydes (as seen within Entry 1, Table 3.1). 
Therefore, dropwise addition of a solution containing Ald and triethylamine was injected into the -
20 °C ylide solution with the hopes of isolating target vBr [Table 3.1, Entry 4]. After 2 hours both 
the starting aldehyde material Ald, as well as decomposition products were observed; the ylide 
species appeared more stable at decreased temperatures, however the presence of decomposition 
products indicated that vBr was unstable within the reaction mixture. As there was no observation of 
the desired olefinated species, an alternative approach towards target compound vBr was required. 
 
Scheme 3.5: Synthetic attempt at formation of vBr via Corey-Fuchs conditions 
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Table 3.1: Reactions that have been used in an attempt to synthesise dibromoalkene vBr under 
various Corey-Fuchs conditions [Scheme 3.5]. 
Entrya Solvent 
Temp.  
/ °C 
Order of additionb 
Time 
/ h 
Result 
1 DCM 0 → r.t. PPh3 → (Ald + CBr4) 2 Decomposition 
2 DCM 0 → r.t. Ald → (PPh3 + CBr4) 2 No reaction 
3 CB 70 Ald → (PPh3 + CBr4) 4 No reaction 
4 DCM -20 
(Ald + TEA) →  
           (PPh3 + CBr4) 
2 No reaction/ decomposition 
a For each reaction, 6.0 equiv. of PPh3 and 3.0 equiv. of CBr4 were used against 1.0 equiv. of 
Ald (entry 1-3), with exception of entry 4, which used 4.0 equiv. of both PPh3 and CBr4, and 1.0 
equiv of TEA. b Order of addition represented by →: where leading components are added into 
a solution containing the trailing components. TEA: triethylamine. DCM: dichloromethane. CB: 
chlorobenzene 
 
A new approach to the olefination of Ald was the addition of a benzothiadiazole group with 
the pre-installed dibromoalkene functionality, to a central glycolated cyclopentadithiophene unit by 
palladium cross coupling conditions [Scheme 3.6]. To minimise synthetic steps, the tri-brominated 
benzothiadiazole 3.18 was expected to be formed from the previously synthesised 2.14 under Corey-
Fuchs conditions.  
 
Scheme 3.6: Alternative retrosynthetic approach for synthesis of vBr 
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Utilising 2.14 with Corey-Fuchs conditions employed previously [Entry 1, Table 3.1], the tri-
brominated material 3.18 was isolated in a 58% yield as a yellow crystalline solid [Scheme 3.7]. 
 
 
Scheme 3.7: Synthesis of 3.18 from 2.14 under Corey-Fuchs conditions 
Before coupling to a glycolated cyclopentadithiophene unit, model reactions were completed 
with 3.18 and 2-(tributylstannyl)thiophene under Stille conditions to investigate if addition favoured 
the alkenyl-bromide or the aryl-bromide positions. While transmetalation generally occurs at a faster 
rate for alkenyl substrates, it was hoped that the quinoidal nature of benzothiadiazole would provide 
preferential addition at the aryl-bromide position, so to allow direct coupling to the 
cyclopentadithiophene unit 3.17.450 2-(Tri-n-butylstannyl)thiophene was selected due to its 
thiophenyl nature and immediate availability. Reaction with a thiophenyl boronic ester was expected 
to display similar selectivity as the stannane, as transmetalation is generally considered the rate-
determining step for both Stille and Suzuki cross coupling reactions.451 The results from three Stille 
conditions are shown in Scheme 3.8, Table 3.2. 
 
Scheme 3.8: Reaction of 3.18 with 2-(tri-n-butylstannyl)thiophene to investigate the preferential 
position for palladium cross coupling. 
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Table 3.2: Reactions that have be used to investigate relative bromine reactivity of 3.18, with 
corresponding structure of potential products shown in Scheme 3.8. 
Entry Solvent 
Equiv. of 
stannyla 
Temp.  
/ °C 
Time 
/ h 
Resulting Yieldb / % 
3.19 3.20E 3.20Z 3.21 3.22 
1 THF 1.2 66 12 - 30 30 15 - 
2 DMSO 1.5 55 2 - 15 15 7 - 
3 DMSO 0.95 r.t. 72 - 12 5 - 8 
a Stannyl: 2-(tri-n-butylstannyl)thiophene.  bYields are approximate and calculated from isolated 
mass and 1H NMR. THF: tetrahydrofuran. DMSO: dimethyl sulfoxide 
 
The first attempt of Stille conditions between 3.18 and 2-(tri-n-butylstannyl)thiophene 
involved refluxing in tetrahydrofuran with catalytic Pd(PPh3)Cl2 [Table 3.2, Entry 1]. After 12 hours, 
two new species were observed via TLC and purification by chromatography on silica produced two 
different orange crystalline solids. Mass spectrometry gave masses that corresponded to mono- and 
di- thiophene substituted products, in approximate yields of 60% and 15% respectively. The 1H NMR 
of mono-substituted material indicated two unique species were present in a 1:1 ratio, however 
determination of structural isomers was inconclusive by NMR methods. Fortunately, recrystallisation 
of the mono-substituted sample enabled separation of the two species by formation of two distinctive 
crystal types; yellow sheet-like crystals, and orange needles as seen in Figure 3.3. 
 
Figure 3.3: X-ray crystallography of manually separated crystal types provided identification of E/Z 
isomers of vinyl substituted mono-thiophene 3.20. Resolved crystal structure of isomers 3.20E (top) 
and 3.20Z (bottom) showing: (a) a single unit cell; with orientation showing the benzothiadiazole (b) 
front face; and (c) side profile. Sample was isolated from reaction conditions outlined in Entry 1 of 
Table 3.2. 
Chapter Three 
 114 
 
Manual separation of the two crystal forms provided structural determination via X-ray 
crystallography, and revealed both species were mono-substituted at the alkenyl-bromide position; 
with the E and Z isomers (3.20E and 3.20Z), providing yellow sheet-like crystals, and orange needles, 
respectively [Figure 3.3]. 1H NMR of the isolated isomers was in agreement with the signals observed 
within the mixture; no isomerisation in solution was observed, indicating the formation of a racemate 
mixture under the reaction conditions [Figure 3.4]. As refluxing tetrahydrofuran primarily resulted in 
addition to the alkenyl-bromides of 3.18, alternative conditions were attempted with the aim of 
directing addition towards the aryl-bromide. Chemo- or regio-selectivity has been reported to depend 
on polarity of the solvent, thus additional reactions were to use dimethyl sulfoxide [Table 3.2, Entry 
2, 3].452-454 
Unfortunately, Stille conditions with 3.18 and 2-(tributylstannyl)thiophene in dimethyl 
sulfoxide at 55 °C, also showed preferential addition across alkenyl-bromides with formation of an 
E/Z racemate (3.20E/Z). Some di-substituted product was also seen to occur. A room temperature 
reaction in dimethyl sulfoxide indicated coupling at alkenyl-bromides is indeed the kinetic product, 
as no substitution at the aryl-bromide was observed. Interestingly, the increased reaction times also 
resulted in elimination of the mono-substituted alkenyl-bromide to alkyne derivative 3.22 [Scheme 
3.8], as indicated by the disappearance of the alkenyl-proton in 1H NMR [Figure 3.4] in combination 
with mass spectrometry (calculated for C12H5BrN2S2 [M+Na]
+ = 342.8975; found at 342.8970). 
Therefore, as substitution at the aryl-bromide was only observed in small quantities following 
substitution at the alkenyl position, attachment of benzothiadiazole with pre-installed dibromoalkene 
units is unlikely to provide an efficient synthetic route for formation of vBr. 
 
Figure 3.4: 1H NMR (500 MHz) of products resulting from Stille conditions as described in Scheme 
3.8 and Table 3.2, with inset of corresponding structures. * Is residual solvent peak. Protons within 
benzothiadiazole and thiophene rings assigned by BT and Th respectively, with vinyl proton 
represented by H0. 
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Further investigation into reports of Corey-Fuchs reaction conditions revealed that a pseudo-
ylide species is able to be isolated as brominated salt 3.23 [i.e., 
(dibromomethyl)triphenylphosphonium bromide] from a reaction mixture containing 
triphenylphosphine and carbon tetrabromide; enabling separation from its side-product 
dibromotriphenylphosphine 3.24 [Figure 3.5].455 Dibromotriphenylphosphine bromide has been 
reported to be a strong electrophile456-458 as well as a brominating agent,459 and it was theorised that 
its in-situ formation was the result of decomposition observed previously.449 Thus, reaction of Ald 
with the isolated pseudo-ylid species 3.23 was attempted in the hopes of successful formation and 
isolation of target vBr. 
 
Figure 3.5: Synthesis of pseudo-ylide species as salt 3.23, to enable isolation from side-product 
dibromotriphenylphosphine 3.24 
Unfortunately the attempts towards brominating Ald utilising 3.23 in tetrahydrofuran were 
unsuccessful [Table 3.3]. Based on similar procedures, potassium tert-butoxide was added as the base 
to activate the salt into the active ylide species [Table 3.3, Entry 1-5]. However, solubility of the salt 
3.23 appeared limited within tetrahydrofuran and product formation was minimal. Additionally, the 
desired dibromoalkene functionality on vBr appeared to be sensitive towards excess potassium tert-
butoxide, as elimination products containing terminal bromo-acetylenes were indicated by mass 
spectrometry. The mass for di-eliminated product aBr was calculated for C54H52Br2N4O8S6 [M+Na]
+ 
= 1259.03 and found at 1259.04. Unfortunately, while the terminal bromo-acetylene functional 
groups were one of the proposed target derivatives [Figure 3.1], the degree of elimination was difficult 
to reproduce with potassium tert-butoxide, and generally lead to decomposition of material or a 
sample containing partially eliminated derivatives [Table 3.3, Entry 2-4]. The irreproducibility likely 
stemmed from experimental error with poorly soluble salt 3.23 reacting with potassium tert-butoxide 
at varying rates. Further optimisation towards synthesis of the terminal bromo-acetylene containing 
moieties is yet to be completed.  
Attempts at separating the various olenfinated targets were unsuccessful by column 
chromatography, recrystallisation, or size exclusion methods; likely due to the close structural 
similarity. As can be seen in Figure 3.6, size exclusion traces resulting from gel permeation 
chromatography (GPC) show almost identical peak positions for a pure sample of vBr, and a sample 
containing vBr and elimination products aBr. The retention time was increased by ~0.2 min for 
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samples containing eliminated products, correlating to a decrease in molecular size. It should be noted 
that the high deviation of the calculated molecular weight from the true molecular weight is due to 
differences of molecular volumes between the samples and the polystyrene standards used for 
calibration. While it was possible to distinguish between the two samples via GPC methods, the close 
proximity of the peaks confirmed that separation by size exclusion methods was not feasible. 
 
Scheme 3.9: Using 3.23 to transform Ald into vBr. Subsequent elimination of vBr to aBr was 
observed to occur in the presence of potassium tert-butoxide 
Table 3.3: Various Corey-Fuchs reaction conditions that were attempted for the synthesis of 
vBr from Ald as shown in Scheme 3.9 
Entrya Activator 
Saltb: 
Activator 
Temp.  
/ °C 
Time / 
h 
Resultc 
1 KOtBu 6:5.7 0 → r.t. 1.0 Ald (no reaction) 
2 KOtBu 7:9 Reflux 0.2 
Decomposition,  
di-eliminated (aBr) 
3 KOtBu 7:9 45 2.0 
Decomposition,   
mix-eliminated 
4 KOtBu 8:4 -78 → 0 1.5 Product, mono-eliminated 
5 KOtBu 3:2.8 -78 → 0 1.0 Ald, mono-substituted 
6 Zn 3:3 r.t → 50 2.0 Ald (no reaction) 
7 Zn 6:30 Reflux 12 Product vBr (di-substituted) 
a For each reaction 1.0 equivalent of Ald was used, with entries 1-5 completed within 
anhydrous tetrahydrofuran, and entries 6-8 completed within anhydrous 1,4-dioxane.  b Salt 
refers to compound 3.23. c Results observed by TLC, 1H NMR, and mass spectrometry 
methods. Prefixes: mono- and di- refer to reaction at either one or both of the available 
aldehyde groups respectively; and mix- refers to a mixed sample of both one and two site 
reactions. 
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Figure 3.6: GPC analysis of vBr (red), and sample containing vBr and elimination products such as 
aBr (blue) at a detector wavelength of 245 nm. Note the slight deviation in retention time and 
molecular weight between samples. Dashed line is used as a guide to the eye only. RT is retention 
time (min); Mw is calculated molecular weight (g/mol) calibrated to polystyrene standards; PDI is 
the polydispersity index. Peak at ~40 min are injection artefacts. 
To avoid the use of a base to transform 3.23 into an active ylide species, zinc powder was 
added to a solution containing Ald in anhydrous 1,4-dioxane [Table 3.3, Entry 6, 7]. The first attempt 
started from room temperature before warming to 50 °C over half an hour, followed by a further two 
hours at 50 °C. No significant reaction was observed, however the result was deemed positive due to 
the stability of Ald within the solution mixture. Therefore, significantly harsher conditions were 
employed as to test the stability towards both zinc and solution temperature. Fortunately, refluxing 
overnight with excess zinc yielded the target product vBr in a 70% yield. Neither elimination products 
nor decomposition products were observed, and the reaction conditions were successfully reproduced 
in future attempts.  
3.2.3 Unfunctionalised benzothiadiazole (BT) 
To investigate the impact of conjugation length and electron affinity on the high frequency 
dielectric constant, a simple unfunctionalised benzothiadiazole unit was also synthesised. By 
decreasing the conjugation length in comparison to Ald, and vBr, the absorption onset was expected 
to shift to shorter wavelengths, increasing the optical gap, and theoretical VOC. Furthermore, the lack 
of bulky end groups may enable a closer intermolecular π-π packing distance to assist in charge 
extraction. However the overall influence to dielectric constant is difficult to predict, as the decrease 
in electron withdrawing strength may also decrease the dielectric constant.  
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The synthesis of the unfunctionalised derivative BT, closely followed the optimised route 
employed for the synthesis of Ald [Scheme 3.10]. The brominated benzothiadiazole 3.26 was formed 
from refluxing commercially available benzothiadiazole 3.25 with bromine, in a 48% aqueous 
solution of HBr. While only one equivalent of bromine was added, steam distillation of the reaction 
mixture yielded ~30% of mono-brominated benzothiadiazole, ~30% of di-brominated 
benzothiadiazole, and ~30% of unreacted starting material, which is consistent to that reported within 
literature.460The glycolated cyclopentadithiophene unit 3.10 was lithiated with 1.05 equivalents of n-
BuLi before addition of 2-iso-propoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane to produce the 
borylated intermediate 3.13. Suzuki coupling of 3.13 and 3.26 with aqueous potassium carbonate and 
catalytic tetrakis(triphenylphosphine)palladium(0) in refluxing toluene yielded 3.27 in a 55% yield. 
Preferential iodination was completed at the α-thiophene position by stirring with ICl to produce 3.28 
in a 75% yield. Iodination at the benzothiadiazole unit was only observed after long reaction times at 
elevated temperatures. The iodide 3.28 was homocoupled under Stille conditions with freshly distilled 
bis(hexa-n-butylditin) to produce the unfunctionalised dimer BT in a 52% yield. 
 
 
Scheme 3.10: Reaction scheme for the synthesis of BT 
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3.3 Crystal Structures 
To provide information regarding the molecular packing of materials, crystallisation of BT 
and vBr provided crystals of sufficient quality to enable X-ray crystallography to be completed. 
Attempts to crystallise Ald were unsuccessful. While solution processing conditions for device 
manufacture are unlikely to produce films of uniform single crystals, the correlation between 
intermolecular packing distance and dielectric constant was investigated. Close intermolecular 
packing driven by π-π stacking of aromatic rings is suggested to increase the optical frequency 
dielectric constant.269 The resolved X-ray crystallography structures highlighting the distance 
between intermolecular aromatic planes are seen in Figure 3.7 and Figure 3.8. Both BT and vBr 
demonstrated a largely planar confirmation along their conjugated chromophores, with the glycol side 
chains extending above, and below, the aromatic plane [Figure 3.7a and Figure 3.8a].  
 
Figure 3.7: X-ray crystal structure of BT with hydrogen atoms hidden for clarity as a) a single unit; 
b-d) showing packing within the unit cell along three faces of the aromatic planes. Glycol side 
chains are hidden as to enable clear visualisation of the aromatic ring system. Dashed lines are 
drawn as a guide to the eye only. Distances listed are an average of the measured face-to-face 
intermolecular separation.  
 
The di-bromoalkene end groups of vBr showed a distortion from planarity; where the alkenes 
were twisted approximately 30o from parallel, to situate the two di-bromoalkene end groups on 
opposing sides of the aromatic plane. Both BT and vBr demonstrated an intermolecular face-to-face 
distance of approximately 3.6 Å. However, BT showed a columnar type arrangement of repeating 
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units where the parallel sheets were facing directly on top of one another; while vBr was observed to 
undergo a slipped stack like orientation with a lateral offset between sheets of approximately 2.0 Å 
[Figure 3.7c and Figure 3.8c]. It is interesting to note that the directionality of the benzothiadiazole 
units in relation to its neighbouring cyclopentadithiophene ring differ between the two materials. The 
bulky end groups of vBr are likely imparting high steric hindrance such that the benzothiadiazole 
rings preferentially orientate with their heteroatoms beside the heteroatoms of adjacent 
cyclopentadithiophene rings. Comparatively, the heteroatoms within the aromatic rings of BT 
alternate down the length of the chromophore, as can be seen in Figure 3.7. As both materials 
demonstrate comparable face-to-face stacking distances with varying chromophore orientation, the 
impact of molecular packing on optical frequency dielectric constant is difficult to predict.  
 
Figure 3.8: X-ray crystal structure of vBr with hydrogen atoms hidden for clarity as a) a single unit; 
b-d) showing packing within the unit cell along three faces of the aromatic planes. Glycol side 
chains are hidden as to enable clear visualisation of the aromatic ring system. Dashed lines are 
drawn as a guide to the eye only. Distances listed are an average of the measured face-to-face 
intermolecular separation.  
 
3.4 Optical Properties 
To ensure the best understanding of optical behaviour before the manufacture of 
homojunction devices, the ultraviolet-visible (UV-Vis) absorption spectra was recorded in solution 
and thin films for the synthesised dibromoalkene vBr and unfunctionalised BT, derivatives, in 
addition to aldehyde Ald [Figure 3.9]. The solution absorption of BT showed an onset at 
approximately 640 nm, with a peak at 520 nm and shoulder at ~425 nm. The increased conjugation 
length of vBr and Ald in comparison to BT showed a red shifted absorption solution onset of ~790 
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nm and ~820 nm, respectively. vBr shows two distinct peaks at 610 nm and 420 nm, and Ald also 
has a similar solution absorption profile with peaks at 640 nm and 420 nm. All three materials have 
molar extinction coefficients on the order of x105 cm-1. The solid-state absorption profiles show a 
red-shift of the absorption; commonly observed due to planarization of chromophores within the solid 
state and/or the formation of aggregates. A solid state absorption onset is observed at ~900 nm, ~800 
nm, and ~650 nm for Ald, vBr and BT, respectively. All three materials show a similar solid state 
absorption profile, with a common feature at ~450 nm, in addition to a peak at 700 nm, 625 nm, and 
580 nm for Ald, vBr, and BT respectively. While Ald and vBr have the same conjugation length, the 
large peripheral bromine units of vBr are likely imparting steric hindrance towards the conjugated 
benzothiadiazole units, causing a decrease in molecular orbital hybridisation, and blue shifting the 
absorption spectrum compared to Ald. Variation in electron withdrawing strength of aldehyde or 
dibromoalkene units may also influence the degree of delocalisation and resulting absorption spectra.   
 
Figure 3.9: UV-vis absorption of Ald, vBr, and BT in solution (left) and thin film (right).  
 
3.5 Electronic Properties 
The next step in the analysis was the estimation of ionisation potentials and electron affinities 
by cyclic voltammetry (CV) measurements in solution. Chemically reversible oxidation and reduction 
processes are essential if the materials are to be utilised within homojunction devices.  
3.6 Calculation of IP/EA 
As was completed for the TPA non-fullerene acceptor materials, the electrochemistry was 
performed in doubly distilled tetrahydrofuran with the potentials referenced against the 
ferrocenium/ferrocene (Fc+/Fc) couple. A three-electrode system was employed; glassy carbon as the 
working electrode, Ag+/Ag as the reference electrode, and a platinum counter electrode. Tetra-n-
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butylammonium perchlorate (0.1 M) was used as the electrolyte. The measured cyclic and differential 
pulse voltammetry plots are shown in Figure 3.10 with a summary of the estimated electron affinity 
and ionisation potentials in Table 3.4.  
Multiple scanning cycles were completed and showed two chemically reversible oxidation 
processes for all materials within the solvent window; likely resulting from the cyclopentadithiophene 
core. The materials are readily oxidised with the two processes located at low voltages with E1/2 
values ~0.1 eV and 0.3 eV. The reduction processes were observed to be chemically reversible for 
both Ald and BT. However, the low intensity of cathodic and anodic peaks corresponding to vBr 
reduction processes prevented elucidation of E1/2 values by cyclic voltammetry; necessitating the use 
of differential pulse (DP) voltammetry. The unfunctionalised derivative BT shows three reductions 
with E1/2 values of -1.9 eV, -2.5 eV, and -2.8 eV, while the increased conjugation length of Ald 
decreases the electrochemical gap resulting in lowered reductions at -1.4 eV, -2.0 eV, and -2.1 eV. 
The DP measurement of vBr across the entirety of the solvent window showed two peaks in good 
agreement with oxidation processes recorded by CV, as well as one major reduction process at -1.8 
eV. From the difference between the E1/2s of the first oxidation and first reduction process, the 
electrochemical gap was determined to be 2.0 eV, 1.6 eV and 1.6 eV for BT, Ald and vBr respectively 
[Table 3.4].   
 
Figure 3.10: (a) Solution CV plots of Ald, vBr, and BT in tetrahydrofuran at 100mV/s showing 
reproducible scanning cycles for both oxidation and reductions processes. Dashed line for vBr 
represents measurement by differential pulse voltammetry methods. All voltammetry plots were 
referenced to the Fc+/Fc couple. (b) Energy level diagram representing the calculated IP and EA 
levels. 
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Table 3.4: Electronic properties of glycolated materials as measured by solution CV 
Sample 
E
1/2
 (ox)
  
(eV) 
IPa 
(eV) 
E
1/2
 (red)
  
(eV) 
EAa  
(eV) 
CV gapb (eV) 
BT 0.1, 0.3 -4.9 -1.9, -2.5, -2.8 -2.0 2.0 
Ald 0.2, 0.3 -5.0 -1.4, -2.0, -2.1 -3.4 1.6 
vBr 0.1, 0.3 -4.9 -1.5* -3.3 1.6 
a  Estimated from E1/2 values determined by CV/DP against Fc+/Fc couple, and referenced against the reported IP of 
Fc;  b CV gaps were calculated by the difference between IP and EA. * Recorded by differential pulse (DP) 
voltammetry.  
 
3.7 Thermal Properties 
To understand the thermal behaviour and ensure the glycolated materials are stable within 
devices, TGA and DSC was completed on pristine samples of Ald, BT and vBr, [Figure 3.11, Table 
3.5]. TGA showed all materials should be thermally stable within device operating temperatures, with 
a 5% decomposition temperature of 361 °C, 388 °C and 212 °C recorded for Ald, BT, and vBr, 
respectively. DSC analysis showed all materials underwent an endothermic melting transition in the 
first heating cycle; where Ald, BT melted at 182 °C, and 150 °C respectively, while vBr underwent 
a cold crystallisation at 146 °C. No transitions were observed within the following cooling cycles. 
Due to decomposition at higher temperatures, vBr was not heated above 175 °C. No material was 
observed to undergo a crystallisation processes upon cooling. Subsequent heating and cooling cycles 
revealed the materials remained in an amorphous phase and BT and Ald both showed a low glass 
transition at 30 °C and 50 °C respectively. Consequently, provided the materials are annealed above 
their respective melting points, the materials are likely to remain predominately within the amorphous 
rubbery regime under device operation.  
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Figure 3.11: (a) TGA thermograms as a percentage of weight scanning at 10 °C/min with dashed 
line representing 5% weight loss. (b) DSC thermograms of glycolated materials at a scan rate of 100 
°C/min (right) for the first two heating and cooling cycles. 
Table 3.5: Thermal transitions of glycolated materials. 
Sample Td(5%)a /oC Tgb /oC Tmb /oC 
BT 388 30 182 
Ald 361 50 150 
vBr 212 - - 
a Measured by TGA at 10 °C/min. b Measured by DSC scanning at 100 °C/min 
 
3.8 Charge Transporting Properties and Dielectric Constants 
As the materials were deemed stable under device operating conditions, the next step of 
analysis was to measure the dielectric constant and charge carrier mobilites. The low frequency 
dielectric constants (εlf) were determined using capacitance measurements; and the optical-frequency 
dielectric constants (εopt) were obtained by a combination of spectroscopic absorption and 
ellipsometry.269 The results can be seen in Figure 3.12 and are summarised in Table 3.6. In 
comparison to common organic materials, BT and vBr do not show any significant enhancement to 
either the low or the optical frequency dielectric constants. The optical frequency dielectric constant 
of Ald was the highest of the three materials, with a value of 4.0 Hz. Due to the increase in the electron 
affinity and the conjugation length of the aldehyde capped material Ald in comparison to the un-
functionalised BT; this result was not unexpected. While Ald and vBr were designed with the same 
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conjugation length, the bulky di-bromoalkene end groups were observed to twist out of plane [Figure 
3.8], which was theorised to result in a decrease of molecular orbital hybridisation of vBr, thus 
providing an optical frequency dielectric constant similar to that of BT.  
Hole and electron mobilities were determined by SCLC method with values reported in Table 
3.6. BT and vBr appear to be ambipolar as both materials were measured to have hole and electron 
mobilites on the order of x10-5 and x10-6 respectively. However, Ald appears to primarily be an 
electron transporting material due to a measured hole and electron mobility of 9 x10-11 and 1 x10-6 
respectively. To confirm this behaviour, simple homojunction devices were manufactured and tested 
under applied voltages of -3V, 0V, and 3V, to investigate the charge collection mechanisms.  ITO 
and PEDOT:PSS were used as a transparent electrode and work modification layer, upon which one 
of the glycolated materials were spun cast before the device was completed by evaporation of calcium 
and aluminium electrodes. The EQE under applied bias conditions are shown in Figure 3.13. As 
indicated by SCLC methods, BT and vBr appear ambipolar due to extraction of charges under both 
positive and negative scanning voltages. As anticipated, Ald only showed significant charge 
extraction under a bias of -3 V; corresponding to a unipolar, electron transporting material. The origin 
of ambipolar or unipolar behaviour within the structurally similar materials is yet to be explored. 
Future work to study of the relationship between functional group and charge mobility would 
hopefully provide insight to this behaviour, and what is most influential towards device performance.  
 
Figure 3.12: Dielectric constants of Ald, vBr, and BT in comparison to (in comparison to DCV187) 
determined at low frequency using capacitance measurements, and at optical-frequency by a 
combination of spectroscopic absorption and ellipsometry.   
Table 3.6: Charge transporting properties of glycolated materials 
Sample εlf (Hz) εopt (Hz) μh/μe (cm2 V-1 s-1) 
BT 4.6 3.3 4 x10-5/ 3 x10-6 
Ald 4.9 4.0 9 x10-11/ 1 x10-6 
vBr 5.1 3.2 4 x10-5/ 1 x10-6 
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Figure 3.13: Homojunction device performance under an applied bias of -3V, 0V, and +3V for (a) 
Ald (b) vBr and (c) BT 
3.9 Preliminary Device Results 
The next step was to assess the relationship between dielectric constant and homojunction 
device performance. Simple devices were manufactured using glass substrates with patterned ITO, 
upon which 30 nm of PEDOT:PSS was deposited. The organic active layer was kept similar (~70-
100 nm) between the three materials as to minimise differences due to optical cavity effects. The 
devices were completed by thermal evaporation of samarium (1 nm) and aluminium (100 nm). 
  
Figure 3.14: Preliminary homojunction device results for Ald, vBr, and BT (in comparison to 
DCV187) showing EQE response (bottom) across the visible light spectrum with corresponding film 
absorption spectrum (top) 
Due to previous work completed by Burn and Meredith187, 269 it was expected that the material 
with the highest optical frequency dielectric constant would perform the best, with little influence to 
device performance by materials with enhanced low frequency response. This was indeed observed. 
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Although vBr showed has the highest dielectric constant at low frequencies [Table 3.6], there is 
virtually no difference between the EQE of vBr and BT which share comparable values of εopt; only 
a small contribution to EQE is observed between 300 and 450 nm. However, Ald showed significant 
EQE response across the entire scanning window (i.e. 300 to 800 nm), which matched closely with 
its absorption/optical onset [Figure 3.14]. This suggests that the exciton binding energy is lower for 
Ald compared to vBr and BT, and lower than the energy of excitation. Although the EQEs appear 
quite low, the values are not unusual for organic homojunction devices.  
 
3.10 Conclusions 
This work was able to achieve its primary goal of synthesising organic materials to investigate 
the relationship between dielectric constant and homojunction device performance. Most 
significantly, this work also reports examples of EQE extending to the optical onset in organic 
homojunction devices. By increasing the dielectric constant, the exciton binding energy can be 
decreased, allowing for spontaneous charge generation. In particular, the manipulation of the 
dielectric constant at optical frequencies (which has been largely unreported at this time) appears to 
be more influential towards homojunction performance than the lower frequencies. It is evident that 
the conjugation length, electron withdrawing nature of substituents, in addition to intermolecular 
organisation and packing, must all complement one another if effective organic homojunction 
materials are to be synthesised. However, continuation of this work through a detailed structural 
evaluation will likely provide increased insight towards the best methods of material optimisation. 
CHAPTER 4 
Conclusions and Outlook 
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4.1 Concluding Remarks and Outlooks 
This body of work was completed with the overall aim of increasing the power conversion 
efficiency of solution processed organic solar cells. Two focused approaches were completed to 
achieve this goal. 
4.1.1 Triphenylamine Thermal Analysis Project 
First, a series of non-fullerene acceptors were synthesised to investigate the structure-
morphology relationship, and if thermal analysis can be utilised as a predictive tool regarding the 
optimum donor-acceptor blend ratio. Initially, three structural variants were proposed: a star-shaped 
triphenyl amine derivative, from which its attachment of its primary chromophore to adamantane and 
styrene backbones would provide more structurally restricted derivatives.  While the adamantane and 
polymeric targets were unsuccessful due to low solubility in common organic solvents, the star-
shaped triphenyl amine derivatives DCV-H and Rho-H were successful. Replacement of the alkyl 
side chain with a branched n-ethylhexyl chain to create DCV-EtH and Rho-EtH was found to further 
improve solubility. All four star-shaped non-fullerene acceptor materials were found to be miscible 
with common donor P3HT, due to an observed melting point depression as determined by DSC 
methods. Application of Flory-Huggins theory to determine the interaction parameter (𝜒𝑐𝑎
0 ) for each 
donor:acceptor pair suggested that Rho-EtH would result in the most ideal BHJ morphology with 
P3HT. The higher positive value of 𝜒𝑐𝑎
0  was expected to result in increased domain sizes of pure 
material, allowing for more efficient charge extraction processes through extended percolation 
pathways with decreased bimolecular recombination. This prediction was successfully reflected in 
the device output characteristics, where optimisation of device manufacturing techniques resulted in 
the highest performing device by P3HT:Rho-EtH (1:1), with a PCE of 2.0% and JSC above 4 mA/cm
2. 
The lower value of 𝜒𝑐𝑎
0  provided by DCV-H and DCV-EtH pairs indicated limited phase separation 
with P3HT; leading to poor device performance (<0.4% PCE) due to excessive mixing. The cold-
crystallisation process measured for P3HT:Rho-H blends by DSC methods, were able to provide 
further insight to the irreproducibility of manufactured devices. Blend ratios below the calculated 
critical solvation concentration (wcrit) were expected to perform poorly due to limited phase separation 
and non-ordered regimes. However, confirmation of this hypothesis could not be thoroughly 
investigated in this report due to the low position of wcrit (~ 0.1) for all donor-acceptor pairs. 
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Figure 4.1: Summary of key data collected for triphenyl amine thermal analysis project, including 
melting point as observed by DSC methods and power conversion efficiencies for optimised 
devices with corresponding chemical structure in the centre.  
It is evident that favourable interactions between the donor and acceptor materials are essential 
for optimising the device performance. Miscibility of materials can provide improved morphology of 
the BHJ as charge extraction processes are able to occur more efficiently. Thermal analysis in 
conjunction with XRD was able to successfully predict the highest performing donor-acceptor pair, 
and thus provides weight to the use of DSC as an additional screening tool in future work. Its use for 
OPV device optimisation delivers a widely available technique which is able to provide 
morphological insight with limited need for specialised equipment. However, the use of DSC for 
optimising blend ratios is largely limited by the requirement of a crystalline donor and/or acceptor 
material. Amorphous-amorphous systems are difficult to quantify by DSC methods, although recent 
work shows promise in developing techniques to address this issue.406 To ensure the application of 
DSC for donor-acceptor optimisation is applicable to a wide variety of structural motifs, further 
investigation is required with varying donor-acceptor pairs. Synthesis of more soluble adamantane 
and polymeric derivatives would provide an ideal starting point, from which the methods established 
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by the four triphenylamine derivatives can be applied. Never the less, the goals that were initially set 
for this project as a whole have been achieved; that is, synthesis of a series of non-fullerene acceptors 
to investigate structure-mophology relationship by thermal methods. 
  
4.1.2 Glycolated Homojunction Project 
Secondly, synthesis of a series of glycolated organic materials was completed. This approach 
was chosen with the aim of decreasing the exciton binding energy to enable materials to function 
within organic homojunction devices in a non-excitonic like manner. As morphology of a BHJ is 
central to device performance, simplification of a bilayer device into a homojunction device would 
simplify manufacturing processes. A glycolated cyclopentadithiophene central unit was synthesised, 
to which benzothiadiazole was attached at each opposing end. Further extension of the chromophore 
by various electron withdrawing and bulky functional groups was proposed. Manipulation of the end 
capping functional groups was completed to not only alter the absorption and energetic levels, but to 
also investigate the impact of molecular packing on charge generation and extraction as the dielectric 
constant is influenced by: planarity of π-π systems; polarizability of a molecule; molecular tilt angle 
to the substrate surface; and molecular packing density.  
  
 
 
Sample 
εlf 
(Hz) 
εopt 
(Hz) 
μh/μe 
(cm2 V-1 s-1) 
BT 4.6 3.3 4 x10-5/ 3 x10-6 
Ald 4.9 4.0 9 x10-11/ 1 x10-6 
vBr 5.1 3.2 4 x10-5/ 1 x10-6 
    
Figure 4.2: Summary of key data collected for glycolated materials project with the aim of 
increasing the dielectric constant. Data includes: chemical structure; dielectric constant values (at 
low and optical frequencies) and hole and electron mobilities; and homojunction device 
performance below corresponding absorption spectra. 
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Three targets were completed: a simple unfunctionalised benzothiadiazole derivative, BT; 
aldehyde funcationalised, Ald; and a vinyl dibromide varient vBr. Analysis of the dielectric constant 
found that vBr had the largest at low frequency response, while Ald had the highest optical frequency 
response. Analysis of homojunction devices showed an EQE response extending to the optical onset 
in an organic homojunction device containing Ald. Therefore, manipulation of the dielectric constant 
at optical frequencies (which has been largely unreported at this time) appears to be more influential 
towards homojunction performance than the lower frequencies. Continuation of this work through a 
detailed structural evaluation will provide increased insight towards material optimisation as the key 
structural features to increase the optical frequency dielectric constant is yet to be fully elucidated. It 
is apparent that the conjugation length, electron withdrawing nature of substituents, in addition to 
intermolecular organisation and packing, must all complement one another if effective organic 
homojunction materials are to be synthesised.  
CHAPTER 5 
Experimental 
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5.1 General Experimental  
5.1.1 Synthesis and characterization of organic materials  
Commercial materials were used as received unless otherwise stated. Acetonitrile was dried over 
calcium hydride and distilled immediately prior to use. Chloroform was pre-treated by washing with 
deionized water to remove the traceable ethanol, followed by being dried over calcium chloride and 
distilled from calcium chloride. Prior to use, the freshly distilled chloroform was passed through a 
column of activated alumina. Deuterated chloroform was also treated with activated alumina before 
use. Dichloromethane that was used for synthesis, characterization of optical properties, and 
electrochemistry measurements was dried over calcium hydride and distilled immediately prior to 
use. Dichloromethane (HPLC grade, ≥99.9%) and methanol (HPLC grade, ≥99.9%) that were used 
for mass spectroscopy measurements were used as received. Tetrahydrofuran and toluene were dried 
over molecular sieves. All the solvents for column chromatography were distilled by rotary 
evaporation under reduced pressure before use. Light petroleum ether was the 40–60 °C fraction. 
Adamantane derivatives 2.28 and 2.29 were supplied by Dr Dani Stoltzfus. All the reaction 
temperatures refer to the temperature of the bath unless otherwise stated. Thin layer chromatography 
(TLC) was performed on Merck aluminium plates coated with silica gel 60 F254. Column 
chromatography was performed with Merck silica, 230-400 mesh. When solvent mixtures are used, 
the proportions are given by volume.  
NMR: 1H and 13C NMR spectra were recorded on a Bruker AV300, AV400 or AV500 spectrometer. 
Chemical shifts are reported in parts per million (ppm) and are referenced to the residual solvent peak 
(CDCl3 7.26 ppm for 1H or 77.0 ppm for 13C). Me = methyl, O = oxygen, PhH = phenyl H, ThH = 
thiophene H, BTH = benzothiadiazole H, CPD = cyclopentadithiophene H. Multiplicities are reported 
as singlet (s), doublet (d), triplet (t), quartet (q), and multiplet (m) and coupling constants (J) are given 
to the nearest 1 Hertz (Hz). The peak assignments were assisted by two-dimensional COSY 
(correlation spectroscopy) experiments, which were performed on a Bruker AV500 spectrometer.  
Mass Spectroscopy: Low resolution electrospray ionisation mass spectrometry measurements 
(LSMS) were carried out on a Bruker Esquire HCT (High Capacity 3D ion trap) instrument with a 
Bruker ESI source. High resolution electrospray ionisation (HRMS) accurate mass measurements 
were performed by Mr Peter Josh and recorded in positive mode on a Bruker MicroTOF-Q 
(quadrupole-time of flight) instrument with a Bruker ESI source. Matrix-assisted Laser-Desorption 
Ionisation Time-of-Flight (MALDI-TOF) mass spectrometry was recorded on a Applied Biosystems 
4700 Proteomics Analyzer with anthracene-1,8,9-triol (DIT) as the matrix in reflection positive ion 
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mode. The MALDI-TOF measurements were performed at the Institute for Molecular Biosciences, 
The University of Queensland.  
Elemental analysis: Elemental analyses were carried out by Mr. George Blazak and Dr. Michael 
Nefedov, using a Carlo Erba NCHS Analyser Model NA 1500 instrument.  
Gel permeation chromatography (GPC): GPC was carried out on a PerkinELmer GPC P50 system. 
The instrument was connected to a UV-vis detector. The columns were kept at 40 ˚C with a flow rate 
of 1 mL/min and no flow marker was used during the analysis. Narrow polystyrene standards in the 
Mw range of 250 Da to 150000 Da were used to create a calibration curve. The samples were prepared 
in tetrahydrofuran at a concentration of 1 mg/mL and filtered through 0.2 micron PTFE filter before 
injection.  
Infrared spectroscopy: Infrared absorption spectra were measured on a Perkin-Elmer Spectrum 100 
FT-IR spectrometer as neat samples using an ATR attachment.  
X-ray Crystallographic Analysis: Measurement and structure determination completed by Mr. 
Jacob Whittaker using a diffractometer configured to use graphite monochromated Mo-Kα radiation 
from a sealed tube (0.71073 Å) with ω and ѱ scans. Visualisation of crystal structures was completed 
in CCDC Mercury 3.9 (RC1). 
X-ray diffraction (XRD): Data collection was completed by Dr. Ravi Chandra Raju Nagiri on a 
Bruker D8 Advance diffractometer using Cu Kα radiation (λ = 1.54 Å). X-rays were focused onto the 
samples using a Göbel mirror and collimated with a presample slit (0.2 mm). Diffracted X-rays were 
collimated using Soller slits and detected by a YAP:Ce scintillation detector. Measurements were 
performed over a range of scattering angles (2θ) from 2.0° to 30.0° to give a Qz range of 0.14−2.11 
Å−1 [Q = (4π/λ) sin θ].  
Thermal characterisation: Differential Scanning Calorimetry (DSC) was performed on a 
PerkinElmer Pyris Diamond DSC. Thermogravimetric analysis (TGA) was carried out on a Perkin-
Elmer STA 6000 Simultaneous Thermal Analyser. Decomposition temperatures (Td(5%)) are reported 
for a 5% decrease in mass.  
Photophysical characterisation: Absorption spectra were measured on a Varian Cary 5000 UV-vis-
NIR spectrophotometer with the samples dissolved in freshly distilled dichloromethane or as a thin 
film that was spin-coated onto quartz substrates. Photoluminescence spectra were recorded by Dr. 
Paul Shaw on a Horiba Jobin-Yvon Fluorolog®-3 instrument with the samples dissolved in freshly 
distilled dichloromethane or as a thin film that was spin-coated onto quartz substrates. Quartz 
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substrates were cleaned by sequential sonication in deionized water, acetone, ethanol and 2-propanol. 
The substrates were dried under a stream of nitrogen immediately prior to spin-coating. Thin films 
were prepared by dropping a filtered solution onto the pre-cleaned quartz substrates, which were spun 
on a Cookson electronics SCS G3-8 spincoat and then dried under ambient conditions.  
Electrochemistry: Cyclic voltammetry were performed using a Bioanalytical Systems, Inc. Cell 
Stand C3 instrument with glassy carbon or platinum (as per indicated) working electrode, platinum 
wire auxiliary electrode and a Ag/AgNO3 reference electrode. The sample solution was prepared as 
0.1 M tetra-n-butylammonium perchlorate as the electrolyte and 1 mM of sample in dichloromethane 
(freshly distilled from calcium hydride) or tetrahydrofuran (dried over molecular sieves and then 
distilled lithium aluminium hydride). The solution was deoxygenated with argon and the E1/2s 
referenced against the ferrocenium/ferrocene standard.   
Ionisation potential: Photoelectron Spectroscopy in Air (PESA) measurements were performed by 
Dr Dani Stoltzfus on a Riken Keiki AC-2 PESA spectrometer with a power setting of 5-10 nW and a 
power number of 0.5.  
5.1.2 OPV device fabrication and measurement 
Photovoltaic Devices: 15 Ohm/square indium tin oxide (ITO) coated glass substrates were pre-
cleaned in an Alconox (detergent) solution bath at 70 ˚C before being sonicated in sequence with 
Alconox, de-ionized water, acetone and 2-propanol for 5 min each. The substrates were 2.5 cm × 2.5 
cm with 6 pixels each 0.2 cm2. PEDOT:PSS (CLEVIOS P VP Al 4083) was filtered through a 0.45 
μm PVDF filter and then spin-coated (5000 rpm) to achieve thicknesses of ∼30 nm on the ITO-coated 
substrate. Substrates were dried at 150 °C for 10 min in air prior to spin-coating of the 
photoactive layer. Finally, Ca (15 nm) and Al (80 nm) were deposited by thermal evaporation under 
a vacuum of 10−6 mbar through a shadow mask to define the active area of the devices (0.2 cm2). 
All device fabrication steps were performed under inert conditions (<0.1 ppm of O2; H2O) in a 3-
box MBraun nitrogen glovebox system. 
 
Device fabrication using P3HT:TPA blends  
Solution preparation: The solutions of P3HT and DCV-H, DCV-EtH, Rho-H, and Rho-EtH were 
prepared in dichlorobenzene at a concentration of 24 mg/mL or 32 mg/mL. All solutions were filtered 
through a 0.2 μm PTFE syringe filter before mixing. By mixing different volumes of the solutions, 
the blends of P3HT:TPA acceptor were obtained. Standard thin films were formed from the blend 
solutions by spin coating at approximately 1250 rpm for 25 sec and allowing to dry under a 15 cm 
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petri dish. Slow-dry films were spun at 15 sec. The thicknesses were measured using a Veeco Dektak 
150 profilometer.  
Device fabrication using glycolated materials 
The homojunction devices were kindly prepared and tested by Dr. Hui Jin. 
  
Characterization of BHJ devices  
Device Measurements: The devices were tested in an MBruan nitrogen glove box with oxygen and 
water concentration of <1 ppm. Current – voltage (J – V) characteristics were acquired using a 
Keithley 2400 Source Measurement Unit with a 2-wire configuration and SMU internal impedance 
in the measurement circuit. The simulated Air Mass 1.5 Global (AM 1.5 G) illumination was provided 
by an Abet Triple-A Sun 2000 Solar Simulator, with an illumination intensity of ≈1000 W/m2, with 
the exact value determined for the calculations calibrated against a National Renewable Energy 
Laboratory (NREL)-calibrated silicon reference cell. The J – V curves were measured for at least six 
devices to obtain the relevant statistics and the samples were not masked. The space charge limited 
current (SCLC) of pristine dendrimer films was measured by Mr. Qianqian Lin also using the 
Keithley 2400 Source Measurement Unit in the dark with a scan rate of 200 mV/s under forward bias 
up to 10 V. External quantum efficiency (EQE)/Incident Photon Conversion Efficiency (IPCE) 
spectra were recorded with a PV Measurement QEX7 setup, which was calibrated by an NREL 
certified photodiode and operated without white light bias and chopped and locked in the small 
perturbation limit.  
 
5.2  Chemical synthesis  
This section includes the experimental details comprising the preparation and characterization of novel 
compounds, as well as reported materials where a modification has been made to the previous synthetic 
or purification procedure. 
tris(4-Bromophenyl)amine  (2.6) 
 
Triphenylamine (5.0 g, 20.4 mmol) was dissolved in ethyl acetate (250 mL) at room temperature. n-
Bromosuccinimide (12.7 g, 71.3 mmol) was added portion-wise and the solution was left to stir at 
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room temperature for 24 h  in the dark. The reaction mixture was poured onto a 10% sodium 
hydroxide solution (500 mL) and the organic layer was separated before extracting with 
dichloromethane (3 x 200 mL). The combined organic layers were washed with saturated sodium 
metabisulphite (200 mL), water (200 mL), brine (200 mL), dried with anhydrous magnesium 
sulphate, and solvent removed in vacuo. The crude material was recrystallised with 
methanol/dichloromethane to produce white crystalline solid (7.9 g, 81%). The 1H NMR and TLC 
retention time were consistent with an authentic sample. 
tris(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)amine  (2.7) 
 
A sample of tris(4-bromophenyl)amine 2.6 (1.5 g, 3.1mmol), bis(pinacolato)diboron (2.8 g, 11.2 
mmol), and potassium acetate (5.5 g, 55.9 mmol) added to a schlenk flask under argon. Anhydrous 
1,4-dioxane (35 mL) was added under argon and the combined solution was bubbled with argon with 
stirring for 15 min. Pd(dppf)Cl2 (340 mg, 0.5 mmol) was added under argon and the solution was 
heated at 85 °C in the dark overnight. The solvent was concentrated and the resulting crude mixture 
taken up in dichloromethane (150 mL) and washed with water (2 x 200 ml), dried with anhydrous 
sodium sulfate and solvent concentrated before passing through a celite plug to remove residual 
catalyst. The crude mixture was recrystallised (dichloromethane/petroleum spirits followed by 
dichloromethane/methanol) to produce the product 2.7 as a white crystalline solid (1.10 g, 57%). The 
1H NMR and 13C NMR were consistent with an authentic sample.  
2-bromo-3-hexylthiophene  (2.8) 
 
3-Hexyltiophene (7.5 g, 4.4mmol) was dissolved in anhydrous tetrahydrofuran (150 mL) and cooled 
in an ice/water bath. n-Bromosuccinimide (8.7 g, 4.9 mmol) was added slowly and the solution was 
left to reach room temperature overnight. The solution was poured onto sodium hydroxide solution 
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(100 mL) and extracted with dichloromethane (3 x 150 mL), washed with water (150 mL), brine (150 
mL), dried over anhydrous magnesium sulfate, and solvent removed in vacuo. The crude material 
was distilled under high vacuum to produce 2.8 as a colourless oil (8.5 g, 78%). The 1H NMR and 
13C NMR were consistent with an authentic sample. 
2-(3-hexylthiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane  (2.9) 
 
2-Bromo-3-hexylthiophene 2.8 (7.75 g 3.1 mmol) was dissolved in anhydrous tetrahydrofuran (50 
mL) under argon and cooled to -78 °C in a dry ice/acetone bath. n-Butyllithium (1.6M in hexanes, 
20.5 mL, 3.3 mmol) was added dropwise and stirred at -78 °C for 45 min before addition of anhydrous 
trimethyl borate (3.3mL, 3.4 mmol). The solution was warmed to room temperature and stirred for 
1.5 h before the addition of pinacol (7.4 g, 6.2 mmol). The resulting solution was stirred under argon 
for a further 12 h before quenching by addition of water (300 mL). The solution was extracted with 
dichloromethane (3 x 150 mL), washed with brine (150 mL), dried over anhydrous magnesium sulfate 
and solvent removed in vacuo. The resulting oil was used without further purification. The data was 
consistent with an authentic sample. 
3-methylbenzene-1,2-diamine  (2.11) 
 
A suspension of 2-methyl-6-nitroaniline 2.10 (23.9 g, 15.7 mmol), aluminium foil (32 g, 118 mmol), 
ammonium chloride (42.1g, 78mmol), and methanol (600 mL) was heated at 60 °C for 24 h before 
cooling to room temperature and diluting with dichloromethane (500 mL). The slurry was filtered 
and the solid material washed generously with dichloromethane. The solvent was concentrated in 
vacuo before filtering again to remove residual solid matter.  The crude material was dried to a dark 
viscous paste (18.3 g) and used without further purification. The TLC retention time was consistent 
with an authentic sample.278 
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4-methylbenzo[c][1,2,5]thiadiazole  (2.12) 
 
A solution of crude diamine 2.11 (18.3 g) was dissolved in anhydrous dichloromethane (600 mL) 
with triethylamine (85 mL) and cooled in an ice/water bath fitted with a reflux condenser. Thionyl 
chloride (20 mL, 35 g, 29 mmol) was added dropwise with vigorous formation of gas. Upon complete 
addition, the reaction mixture was refluxed for 3 h before solvents were removed via short path 
distillation. The remaining material was diluted with water (600 mL), and acidified with hydrochloric 
acid (3M) to reach a pH = 1. The mixture was heated at reflux, and the condensate collected via steam 
distillation. The aqueous condensate was extracted with diethyl ether (3 x 200 mL), washed with 
water (200 mL), brine (200 mL), dried with anhydrous magnesium sulfate and solvent removed in 
vacuo to produce a light yellow oil. The 1H NMR and TLC retention time was consistent with an 
authentic sample.278 
4-bromo-7-(dibromomethyl)benzo[c][1,2,5]thiadiazole  (2.13) 
 
4-methylbenzo[c][1,2,5]thiadiazole 2.12 (14 g, 9.3 mmol) in hydrobromic acid (37%, 85 mL) was 
heated at reflux. A solution of bromine (5.25 mL, 10.3 mmol) in hydrobromic acid (37%, 20 mL) was 
added dropwise and heated at reflux for a futher 2 h. The solution was cooled and poured onto ice. 
The suspension was extracted with dichloromethane (2 x 300 mL) and the combined organic extracts 
were washed with sodium metabisulfite (sat. 150 mL), sodium bicarbonate (sat. 150 mL) and water 
(150 mL), before drying with anhydrous sodium sulfate. The solvent was removed in vacuo to 
produce a pale yellow solid. The solid was redissolved in chlorobenzene (250 mL), to which n-
bromosuccinimide (20.6 g, 17.4 mmol) and 1,1'-azobis(cyclohexanecarbonitrile) (4.24 g, 1.7 mmol) 
were added. The solution was heated at 80 °C for 4h. The reaction mixture was cooled and filtered to 
remove the precipitate, washing with dichloromethane. The filtrate was washed with water (2 x 400 
mL), and the organic fraction was dried over anhydrous sodium sulfate and solvent removed in vacuo. 
The crude material was recrystallised from dichloromethane/methanol to produce 2.13 as a light pink 
solid (15.0 g, 45%). The 1H NMR and TLC retention time were consistent with an authentic sample.278 
7-bromobenzo[c][1,2,5]thiadiazole-4-carbaldehyde  (2.14) 
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A solution of 2.13 (13.0 g, 3.3 mmol), sodium acetate (27. 5 g, 33.6 mmol) in acetic acid (250 mL) 
was heated at reflux overnight, before cooling to room temperature. The reaction mixture was further 
cooled in an ice bath and water (150 mL) was added. The precipitate was filtered and washed with 
water (200 mL) and ethanol (150 mL). The residue obtained was dried under vacuum to give off-
white solid. The solid was dissolved in dichloromethane (100 mL) and washed with saturated sodium 
bicarbonate solution (150 mL) and water (100mL). The organic phase was then dried over anhydrous 
sodium sulphate and solvents removed to give 2.14 as a pale yellow solid (3.16 g, 39%). The 1H NMR 
and TLC retention time were consistent with an authentic sample.278 
4-bromo-7-(1,3-dioxolan-2-yl)benzo[c][1,2,5]thiadiazole  (2.15) 
 
A solution of aldehyde 2.14 (4.0 g, 16.5 mmol), ethylene glycol (23ml, 25.6 g, 41.0 mmol), p-
toluenesulfonic acid (315 mg, 1.6 mmol) and toluene (100mL) were added to a flask fitted with a 
dean-stark condenser. The solution was heated at 10 °C for 72 h before cooling to room temperature 
and diluting with water (500 mL). The layers were separated and the aqueous portion was extracted 
with diethyl ether (2 x 150 ml). The combined organic fractions were dried over anhydrous sodium 
sulfate and solvents removed in vacuo to produce a pale yellow solid (4.3 g, 91%). The 1H NMR and 
TLC retention time were consistent with an authentic sample. 
Tris[4-(3-n-hexylthiophen-2-yl)phenyl]amine  (2.3)    
 
Tris(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)amine 2.7 (500 mg, 0.80 mmol) and 2-
bromo-3-hexylthiophene 2.8 (635 mg, 2.57 mmol) were added  to a flask containing 1,2-
dimethoxyethane (10 mL) and the solution was bubbled with argon for 10 minutes. In a separate flask, 
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a sodium carbonate solution (1 M, 5 mL) was bubbled with argon for 20 min before addition into the 
reaction vessel, followed by deoxygenation of the combined mixture for a further 10 min. Pd(PPh3)4 
(140 mg, 0.12 mmol) was added to the flask under a flow of argon and the reaction mixture was 
heated to 85 oC with stirring overnight. The solution was poured onto a hydrochloric acid solution 
(1M, 200 mL) and extracted with dichloromethane (3 x 150 mL). The combined organic layers were 
washed with water (100 mL), dried with anhydrous sodium sulphate, filtered, and solvent removed 
in vacuo. The crude residue was purified via column chromatography on silica (petroleum 
ether:dichloromethane 8:1) to produce 2.3 as a light yellow viscous oil (550 mg, 0.74 mmol, 92 %). 
1H NMR (300 MHz, CDCl3, δ ppm) 0.85 – 0.89 (9H, m, CH3), 1.24 – 1.35 (18H, m, CH2), 1.59 – 1.65 
(6H, m, CH2), 2.65 – 2.70 (6H, m, CH2), 6.97 (3H, d, J = 5 Hz, ThH), 7.19 (3H, d, J = 5 Hz, ThH), 
7.19 and 7.34 (12H, AA’BB’, PhH). 13C NMR (300 MHz, CDCl3, δ ppm) 14.09, 22.58, 28.71, 29.16, 
30.99, 31.64, 123.19, 124.02, 129.41, 129.55, 130.15, 137.52, 138.35, 146.44.  λmax (DCM)/nm 341 
[log(ε/dm3 mol-1 cm-1)  (5.13)]. MALDI-TOF MS: Calculated for C48H57NS3 [M]+ = 743 .4 found at 
742.7.  Anal. Calcd for C48H57NS3 : C,77.47; N, 1.88; H, 7.72; S, 12.93. Found C,77.39; N, 1.58; H, 
7.70; S, 12.71. 
Tris[4-(5-{7-[1,3-dioxolan-2-yl]benzo[c][1,2,5]thiadiazol-4-yl}-3-n-hexylthiophen-2-
yl)phenyl]amine (2.1) 
 
 Tris[4-(3-n-hexylthiophen-2-yl)phenyl]amine 2.3 (1.04 gm, 1.40 mmol), 4-bromo-7-(1,3-dioxolan-
2-yl)benzo[c][1,2,5]thiadiazole (1.60 gm, 5.60 mmol), pivalic acid (256 mg, 2.51 mmol), 
triphenylphosphine (165 mg, 0.63 mmol) and potassium carbonate (1.93 gm, 13.9 mmol) were added 
to a schlenk flask and dried under high vac for 1 h at 40 oC. Dry DMF (9 mL) was injected at room 
temperature and the solution deoxygenated with argon for 10 min. Palladium acetate (20 mg, 0.09 
mmol) added under argon and the solution heated at 100 oC overnight. The crude reaction mixture 
was passed through a silica plug with dichloromethane, solvent concentrated, before purifying over 
silica via gradient elution (dichloromethane:ethyl acetate 100:0 to 93:7) to produce the acetal 
protected derivative. Deprotected was achieved by dissolution in tetrahydrofuran (80 mL), followed 
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by dropwise addition of hydrochloric acid (conc. 2mL) with stirring at 40 oC until complete 
deprotection was achieved monitoring via TLC. The solution was poured into a sodium bicarbonate 
solution (sat. 150 mL) and extracted with dichloromethane (3 x 200 mL). The combined organic 
fractions were washed with water (100 mL), dried over anhydrous sodium sulphate and solvent 
removed in vacuo to produce 2.1 as a dark red solid (730 mg, 0.59 mmol, 43%). 1H NMR (400 MHz, 
CDCl3, δ ppm) 0.88 – 0.92 (12H, m, CH3), 1.31 – 1.44 (6H, m, CH2), 1.72 – 1.79 (6H, m, CH2), 2.79 
– 2.83 (6H, m, CH2), 7.29 and 7.50 (12H, AA’BB’, PhH), 8.00 (3H, d, J = 7.5 Hz, BTH), 8.22 (3H, 
s, ThH), 8.24 (3H, d, J = 7.5 Hz, BTH), 10.73 (3H, s, Ald H). 13C NMR (400 MHz, CDCl3, δ ppm) 
14.13, 22.62, 28.97, 29.23, 30.97, 31.65, 123.44, 124.28, 125.26, 128.92, 130.15, 132.86, 133.08, 
133.16, 135.90, 140.27, 142.60, 146.85, 152.38, 153.84, 188.57. λmax (DCM)/nm 330 [log(ε/dm3 
mol-1 cm-1) (4.80)] 353sh (4.72), 492 (4.71). IR (solid): ν/cm-1 = 1683 (C=O). MALDI-TOF MS: 
Calculated for C69H63N7O3S6 [M]
+ = 1229.33; found 1228.96. Decomposes before melting. TGA(5%) 
385 °C. Calculated for C69H63N7O3S6 C, 67.34; N, 7.97; H, 5.16; S, 15.63. Found C, 67.05; N, 7.69; 
H, 5.23; S, 15.27. 
2,2',2''-[(7,7',7''-{5,5',5''-[Nitrilotris(benzene-4,1-diyl)]tris 
 (4-hexylthiophene-5,2-diyl)}tris[benzo[c][1,2,5]thiadiazole-7,4-
diyl])tris(methanylylidene)]trimalononitrile  (DCV-H) 
 
2.1 (305 mg, 0.24 mmol) and malononitrile (982 mg, 14.8mmol) was added to anhydrous 
tetrahydrofuran (15 mL) and deoxygenated with argon for 10 minutes. Pyridine (0.3 mL) was added 
and the reaction mixture heated at 60 oC for 2 hr.  The solution was cooled to room temperature, 
poured onto petroleum ether (30 mL) with addition of EtOH (15 mL) to precipitate the product. The 
solid was collected with a PTFE filter, washing excess petroleum ether (25 mL) and ethanol (30 mL) 
to produce DCV-H as a dark green/black powder (248 mg, 0.18 mmol, 73%).1H NMR (400 MHz, 
CDCl3 δ ppm) 0.86 – 0.92 (9H, m, CH3), 1.32 – 1.34 (12H, m, CH2), 1.40 – 1.44 (6H, m, CH2),1.74 
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– 1.78 (6H, m, CH2), 2.79 – 2.82 (6H, m, CH2), 7.30 and 7.50 (12H, AA’BB’, PhH), 8.00 (3H, d, J 
= 8 Hz, BTH), 8.26 (3H, s, ThH), 8.77 (3H, d, J = 8 Hz, BTH), 8.80 (3H, s, CNH).  13C NMR (400 
MHz, CDCl3, δ ppm) 14.12, 22.61, 28.97, 29.19, 30.92, 31.63, 82.86, 113.25, 121.34, 123.78, 124.24, 
128.82, 130.16, 130.82, 133.29, 133.88, 135.81, 140.69, 143.84, 146.94, 151.19, 152.29, 154.45. . 
λmax (DCM)/nm 345 [log(ε/dm3 mol-1 cm-1) (4.77)], 563 (4.76), 479sh (4.60). IR (solid): ν/cm-1 = 
2223 (CN). [HRMS-ESI] anal. calcd. for C78H63N13S6 [M]
+ = 1373.3648 found at 1373.3656. Mp = 
157 oC.  Tg =125 ± 1 
oC. TGA(5%) 419 °C. Anal. Calcd for C78H63N13S6: C, 68.14; N, 13.24; H, 4.62; 
S, 13.99. Found C, 68.13; N, 13.01; H, 4.67; S, 13.74. 
 2,2',2''-[(7,7',7''-{5,5',5''-[Nitrilotris(benzene-4,1-diyl)]tris 
 (4-hexylthiophene-5,2-diyl)}tris[benzo[c][1,2,5]thiadiazole-7,4-
diyl])tris(methanylylidene)]tri(3-ethylrhodanine)    (Rho-H) 
 
A sample of  2.1 (100 mg, 0.08 mmol) and 3-ethyl rhodamine (320 mg, 1.98mmol) was added to 
anhydrous chloroform (7 mL) and bubbled with argon for 10 minutes before heating to 45 oC. 
Piperidine (0.1 mL) was added and the reaction mixture kept at 45 oC for a further 45 min. The 
solution was cooled to room temperature and product precipitated from solution by addition of 
ethanol (30 mL), filtered through PTFE, washing with ethanol and ethyl acetate to produce Rho-H 
as a black powder (115 mg, 0.07 mmol, 85%).1H NMR (300 MHz, CDCl3 δ ppm) 0.84 – 0.92 (9H, 
m, CH3), 1.25 – 1.32 (27H, m, CH2), 1.66 – 1.77 (6H, m, CH2), 2.77 – 2.83 (6H, m, CH2), 4.21 – 4.26 
(6H, m, CH2), 7.27 and 7.48 (12H, AA’BB’, PhH), 7.71 (3H, d, J = 8 Hz, BTH), 7.94 (3H, d, J = 8 
Hz, BTH), 8.16 (3H, s, ThH), 8.51 (3H, s, RhoH).  13C NMR unable to be collected due to insufficient 
solubility. λmax (Toluene)/nm 355 [log(ε/dm3 mol-1 cm-1) (4.83)], 533 (4.94). IR (solid): ν/cm-1 = 
1130 (C=S), 1235 (C-N), 1707 (C=O). [HRMS-ESI] anal. calcd. for C84H78N10O3S12 [M]
+ = 
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1658.2901; found 1658.2922. Decomposes before melting. TGA(5%) 389 °C. Anal. Calcd for 
C84H78N10O3S12 : C, 60.76; N, 8.44; H, 4.74; S, 23.17. Found C, 60.62; N, 8.05; H, 4.56; S, 23.02. 
4-Bromo-N-(4-bromophenyl)-N-phenylaniline 
 
Triphenylamine (5.15 g, 2.1mmol) was dissolved in anhydrous dimethylformamide (70 mL) and 
cooled in an ice/water bath in the dark. N-Bromosuccinimide (7.84 g, 4.3 mmol) was added slowly 
in portions and brought to room temperature overnight. The solution was poured onto water (250 mL) 
and extracted with dichloromethane (3 x 200 mL). The combined organic extracts were washed with 
brine (200 mL), dried over anhydrous sodium sulfate and solvent removed in vacuo. The crude 
material was purified over silica (petroleum ether:dichloromethane 5:1) to produce a very viscous, 
gum-like colourless oil (6.60 g, 77%). The 1H NMR and 13C NMR were consistent with an authentic 
sample. 
N-phenyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-N-(4-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)phenyl)aniline  (2.26) 
 
Dibromotriphenyl amine (5.8 g, 14.3 mmol) was dissolved in anhydrous tetrahydrofuran and cooled 
in a dry ice/acetone bath. n-Butyllithium (1.6M in hexanes, 19.7 mL, 31.5 mmol) added dropwise and 
the solution was kept at -78 °C for 1 h before addition of 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (7.3 mL, 35.8 mmol) and left to warm to room temperature overnight. The solvent was 
removed, and the residue was taken up in dichloromethane (100 mL), washed with water (3 x 100 
mL), brine (100 mL) and dried over anhydrous sodium sulfate. The crude material was recrystallised 
(dichloromethane/methanol) to produce 2.28 as a white crystalline solid (3.52 g, 50%).  The 1H NMR 
and 13C NMR were consistent with an authentic sample. 
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4-(3-hexylthiophen-2-yl)-N-[4-(3-hexylthiophen-2-yl)phenyl]-N-phenylaniline  (2.25) 
 
A sample of 2.28 (1100 mg, 2.23 mmol), 2-bromo-3-n-hexylthiophene 2.4 (1210 mg, 4.91 mmol) in 
1,2-dimethoxyethane (10 mL) was added to a shlenk tube and degassed with argon for 20 min. In a 
separate flask an aqueous sodium carbonate solution (sat. 6 mL) was also degassed before injection 
into the reaction mixture. Pd(PPh3)4 (260mg, 0.22 mmol) was added under a flow of argon and the 
solution heated to 90 oC. The reaction mixture was cooled to room temperature, poured onto a 
hydrochloric acid solution (1M, 150 mL), extracted with dichloromethane (3 x 150 mL), organic 
layers washed with water (200mL) and dried over anhydrous sodium sulphate before the solvent was 
removed in vacuo. The crude oil was purified over silica (1:9 dichloromethane:petroleum ether) to 
produce 2.29 as a colourless viscous oil (950 mg, 1.64 mmol, 74 %). 1H NMR (400 MHz, CDCl3 δ 
ppm) 0.85 – 0.88 (6H, m, CH3), 1.25 – 1.34 (12H, m, CH2), 1.56 – 1.63(4H, m, CH2), 2.64 – 2.68 
(4H, m, CH2), 6.96 (2H, d, J = 5.2 Hz, ThH), 7.00 – 7.10 (1H, m, PhH), 7.13 (4H, m, AA’BB’, PhH), 
7.17 – 7.19 (4H, m, PhH and ThH), 7.28 – 7.33 (6H, m, PhH).  13C NMR (500 MHz, CDCl3, δ ppm) 
14.01, 22.59, 28.70, 29.16, 30.99, 31.63, 123.16, 123.39, 123.61, 124.95, 129.02, 129.39, 129.54, 
130.07, 137.58, 138.28, 146.68, 147.36. λmax (DCM)/nm 330 [log(ε/dm3 mol-1 cm-1) (4.47)] 256sh 
(4.14), .  MALDI-TOF MS: Calculated for C38H43NS2 [M]
+ = 577.3 found at 576.4.  Anal. Calcd for 
C38H43NS2 : C,78.98; N, 2.42; H, 7.50; S, 11.10. Found C,78.82; N, 2.37; H, 7.57; S, 11.19.  
7,7'-{5,5'-[(phenylazanediyl)bis(4,1-phenylene)]bis(4-hexylthiophene-5,2-
diyl)}bis(benzo[c][1,2,5]thiadiazole-4-carbaldehyde)  (2.24) 
 
4-(3-Hexylthiophen-2-yl)-N-[4-(3-hexylthiophen-2-yl)phenyl]-N-phenylaniline 2.29 (900 mg, 1.55 
mmol), 4-bromo-7-(1,3-dioxolan-2-yl)benzo[c][1,2,5]thiadiazole 2.15 (985 mg, 3.43 mmol), pivalic 
acid (95 mg, 0.93 mmol), palladium acetate (70 mg, 0.31 mmol), and potassium carbonate (110 mg, 
7.75 mmol) were added to a schlenk flask before evacuating and backfilling with argon for three 
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cycles. Dry dimethylacetimide (3 mL) was deoxygenated with argon for 20 min in a separate flask, 
before injecting into the reaction mixture under argon and heating the resulting solution to 110 oC for 
4 h. The reaction mixture was poured into brine (sat. 150 mL) then extracted with dichloromethane 
(3 x 200 mL) and solvent removed in vacuo. The crude material was redissolved in tetrahydrofuran 
(100 mL) before addition of hydrochloric acid (1M, 75 mL) with stirring until complete deprotection 
was seen via TLC. The solution was poured into aqueous sodium bicarbonate (sat. 200 mL) and 
extracted with dichloromethane (3 x 200 mL). The combined organic fractions were washed with 
water (200 mL), brine (200 mL) and dried over anhydrous sodium sulphate and the solvent removed. 
The solid was purified by column chromatography (toluene:ethyl acetate 98:2) to produce product 
2.30 as a dark red solid (425 mg, 0.47 mmol, 30%). 1H NMR (400 MHz, CDCl3, δ ppm) 0.87 – 0.91 
(6H, m, CH3), 1.31 – 1.42 (12H, m, CH2), 1.69 – 1.77 (4H, m, CH2), 2.76 – 2.80 (4H, m, CH2), 7.12 
– 7.16 (1H, m, PhH) 7.19 - 7.26 (6H, PhH), 7.34 – 7.37 (2H, m, PhH), 7.44 (4H, m, AA’BB’, PhH), 
7.98 (2H, d, J = 7.5 Hz, BTH), 8.21 (2H, s, ThH), 8.22 (2H, d, J = 7.5 Hz, BTH), 10.71 (2H, s, Ald 
H). 13C NMR (400 MHz, CDCl3, δ ppm) 14.11, 22.62, 28.95, 29.20, 30.96, 31.64, 123.37, 123.57, 
124.07, 125.19, 125.46, 128.19, 129.58, 129.97, 132.89, 133.12, 133.21, 135.72, 140.15, 142.82, 
146.96, 147.26, 152.37, 153.82, 188.56. λmax (DCM)/nm 491 [log(ε/dm3 mol-1 cm-1) (4.52)], 324 
(4.67), 356 sh (4.50).  IR (solid): ν/cm-1 = 1679 (C=O). MALDI-TOF MS: Calculated for 
C52H47N5O2S4 [M]
+ = 901.3; found 901.8. Anal. TGA(5%) = 406 
oC Calcd for C52H47N5O2S4 : C,69.22; 
N, 7.76; H, 5.25; S,14.22. Found C,69.03; N, 7.46; H, 5.36; S,13.89. 
7,7'-(5,5'-(((4-iodophenyl)azanediyl)bis(4,1-phenylene))bis(4-hexylthiophene-5,2-
diyl))bis(benzo[c][1,2,5]thiadiazole-4-carbaldehyde)  (2.23) 
 
A sample of 2.24 (110 mg / 0.12mmol), iodine (20 mg, 0.07 mmol) and 
(bis(trifluoroacetoxy)iodo)benzene (31 mg / 0.07 mmol) was dissolved in anhydrous tetrahydrofuran 
(20 mL) and stirred in the dark for 12 hrs. The reaction mixture was poured onto 100 mL of saturated 
sodium metabisulfite solution, extracted with dichloromethane (3 x  150 mL), washed with water (100 
mL), dried with anhydrous sodium sulfate and solvent removed  in vacuo. The crude mixture was 
redissolved in dichloromethane and passed through a silica plug, washing with excess 
dichloromethane, before collecting the product with dichloromethane:ethanol (95:5). The solvent was 
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removed in vacuo to produce the product as a dark red solid (78 mg, 63 %).  1H NMR (500 MHz, 
CDCl3, δ ppm) 0.87 – 0.91 (6H, m, CH3), 1.29 – 1.43 (12H, m, CH2), 1.70 – 1.76 (4H, m, CH2), 2.76 
– 2.80 (4H, m, CH2), 6.98 (2H, AA’BB’, PhH), 7.20 (4H, AA’BB’, PhH), 7.45 (4H, AA’BB’, PhH), 
7.62 (2H, AA’BB’, PhH), 7.98 (2H, d, J = 8 Hz, BTH), 8.21 (2H, s, ThH), 8.22 (2H, d, J = 8 Hz, 
BTH), 10.72 (2H, s, Ald H). 13C NMR (300 MHz, CDCl3, δ ppm) 14.10, 22.60, 28.94, 29.18, 30.94, 
31.63, 86.70, 123.41, 123.97, 125.24, 126.64, 128.85, 130.11, 132.80, 133.06, 133.12, 135.88, 
138.50, 140.26, 142.51, 146.68, 146.86, 152.35, 153.82, 188.53. λmax (DCM)/nm 480 [log(ε/dm3 
mol-1 cm-1) (4.52)] 323 (4.74). IR (solid): ν/cm-1 = 1680 (C=O). MALDI-TOF MS: Calculated for 
C52H46IN5O2S4 [M]
+ = 1027.16; found 1026.87. Anal. TGA(5%) = 241 
oC.   
7,7'-(5,5'-(((4-ethynylphenyl)azanediyl)bis(4,1-phenylene))bis(4-hexylthiophene-5,2-
diyl))bis(benzo[c][1,2,5]thiadiazole-4-carbaldehyde)  (2.27) 
 
Iodinated material 2.31 (60 mg, 0.06 mmol), copper iodide (~1mg), Pd(PPh3)Cl2 (~2mg) were 
dissolved in a mixture of anhydrous triethylamine and anhydrous toluene (1:1, 4mL) under argon. 
Trimethylsilylacetylene (0.25 uL, 0.17 mmol) added under argon and the solution was heated at 50 
°C for 2 h. The mixture was poured onto water (200mL), extracted with dichloromethane (2 x 100 
mL), and the combined organic extracts were washed with water (100 mL) and dried over anhydrous 
sodium sulfate. The solvents were removed before the crude residue was re-dissolved in anhydrous 
tetrahydrofuran (20mL) and cooled in an ice/water bath. Tetra-n-butylammonium fluoride (1M in 
tetrahydrofuran, 0.1mL) was added and solution stirred for 0.5 h before pouring onto water (100 mL), 
extracting with dichloromethane (3 x 80 mL), dried over anhydrous sodium sulfate and solvents 
removed. The crude material was passed through a silica plug washing with dichloromethane before 
collection of product with dichloromethane:ethyl acetate 95:5 to produce 2.32 as a dark red solid.  1H 
NMR (300 MHz, CDCl3, δ ppm) 0.87-0.92 (6H, m, CH3), 1.26-1.43 (12H, m, CH2), 1.69-1.78 (4H, 
m, CH2), 2.76-2.81 (4H, m, CH2), 3.08 (1H, s, CH), 7.14 (2H, AA’-BB’, PhH), 7.22 (4H, AA’-BB’, 
PhH), 7.43-7.45 (6H, m, PhH), 7.98 (2H, d, J = 9 Hz, BTH), 8.18 (2H, s, ThH), 8.23 (2H, d, J = 9 
Hz, BTH), 10.73 (2H, s, AldH).  
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7,7'-(5,5'-(((4'-vinyl-[1,1'-biphenyl]-4-yl)azanediyl)bis(4,1-phenylene))bis(4-hexylthiophene-
5,2-diyl))bis(benzo[c][1,2,5]thiadiazole-4-carbaldehyde)  (2.31) 
 
A sample of iodinated material 2.31 (100 mg, 0.1 mmol) with 4-vinylphenylboronic acid (20 mg, 
0.12 mmol) was added to a schlenk tube with anhydrous tetrahydrofuran (2mL) and a deoxygenated 
potassium carbonate solution (1M, 1mL). The resulting mixture was bubbled with argon while stirring 
for 10 min before the addition of Pd(PPh3)4 (12 mg, 0.01 mmol) under argon. The reaction was heated 
at 80 °C overnight before cooling to room temperature and poured onto water (100 mL). The mixture 
was extracted with dichloromethane (3 x 100 mL), dried with anhydrous sodium sulfate and solvent 
removed in vacuo. The material was purified over silica via gradient elution (dichloromethane to 
dichloromethane 95:5) to produce a purple solid (50 mg, 50%). %).  1H NMR (300 MHz, CDCl3, δ 
ppm) 0.87-0.92 (6H, m, CH3), 1.26-1.43 (12H, m, CH2), 1.69-1.79 (4H, m, CH2), 2.77-2.82 (4H, m, 
CH2), 5.23 (1H, dd, J = 10, 1 Hz, CH=CH2), 5.80 (1H, dd, J = 10, 1 Hz, CH=CH2), 6.72-6.82 (1H, 
m, CH=CH2), 7.25-7.30 (4H, m, PhH), 7.45-7.51 (6H, m, PhH), 7.58 (4H, AA’-BB’, PhH), 7.98 (2H, 
d, J = 9 Hz, BTH), 8.22 (2H, s, ThH), 8.23 (2H, d, J = 9 Hz, BTH), 10.73 (2H, s, AldH). 13C NMR 
(500 MHz, CDCl3, δ ppm) 14.14, 22.64,28.99, 29.23, 30.99, 31.67, 113.87, 123.40, 123.60, 123.86, 
125.23, 125.28, 125.49, 126.73, 126.80, 127.95, 128.49, 130.00, 130.07, 132.86, 133.14, 133.20, 
135.81, 136.07, 136.38, 136.46, 139.74, 140.22, 142.78, 146.31, 147.10. 
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2-Bromo-3-(2-ethylhexyl)thiophene   (2.32) 
 
A sample of 3-(2-ethylhexyl)thiophene (2.5 g, 12.7 mmol) in anhydrous tetrahydrofuran (50 mL) was 
cooled in an ice/water bath. n-Bromosuccinimide (2.28 g, 12.8 mmol) in tetrahydrofuran (10 mL) 
was added dropwise to the solution and was left to warm to room temperature overnight. The solution 
was concentrated before pouring onto 5% sodium hydroxide solution (150 mL), and extracted with 
dichloromethane (3 x 150 mL).  The combined organic fractions were washed with water (150 mL), 
dried over anhydrous sodium sulfate and solvent removed in vacuo. The crude material was purified 
over silica (petroleum ether) to produce 2.32 as a colourless oil (3.02 g, 86%).  The 1H NMR and 13C 
NMR were consistent with an authentic sample. 
Tris[4-(3-[2-ethylhexyl]thiophen-2-yl)phenyl]amine (2.33) 
 
 
 
Boronic ester 2.7 (500 mg, 0.80 mmol) and 2-bromo-3-(2-ethylhexyl)thiophene 2.37 (728 mg, 2.65 
mmol) were added  to a flask containing 1,2-dimethoxyethane (8 mL) and the solution was 
deoxygenated with argon for 10 minutes. In a separate flask, a sodium hydrogen carbonate solution 
(1 M, 5 mL) was deoxygenated with argon for 20 min before addition into the reaction vessel, 
followed by deoxygenation of the combined mixture for a further 10 min. Pd(PPh3)4 (170 mg, 0.14 
mmol) was added to the flask under a flow of argon and the reaction mixture was heated to 90 oC for 
24 h. The solution was poured onto HCl (1M, 150 mL) and extracted with DCM (3 x 150 mL). The 
combined organic layers were washed with water (150 mL), dried with anhydrous sodium sulphate, 
filtered and solvent removed in vacuo. The crude residue was purified via column chromatography 
(PE:DCM, 9:1) to produce 2.38 as a colourless viscous oil (570 mg, 0.68 mmol, 86 %). 1H NMR (400 
MHz, CDCl3, δ ppm) 0.77 (9H, t, J = 7.2 Hz, CH3), 0.83 – 0.87 (12H, m), 1.19 – 1.26 (24H, m), 2.60 
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– 2.62 (6H, m, CH2), 6.93 (3H, d, J = 5 Hz, ThH), 7.19 (3H, d, J = 5 Hz, ThH), 7.16 and 7.33 (12H, 
AA’BB’, PhH). 13C NMR (400 MHz, CDCl3, δ ppm) 10.91, 14.27, 23.16, 25.87, 25.85, 32.72, 40.77, 
123.15, 124.08, 129.68, 130.13, 130.64, 137.73, 138.32, 146.65.  λmax (DCM)/nm 338 [log(ε/dm3 
mol-1 cm-1)  (4.80)]. ESI MS: Calculated for C54H69NS3 [M]
+ = 827.5 found at 827.4.  Anal. Calcd for 
C54H69NS3: C,78.30; N,1.69; H, 8.40; S, 11.61. Found C,78.15; N, 1.66; H, 8.56; S, 11.49. 
Tris[4-(5-{7-[1,3-dioxolan-2-yl]benzo[c][1,2,5]thiadiazol-4-yl}- 
3-(2-ethylhexyl)thiophen-2-yl)phenyl]amine   (2.34) 
 
 Tris[4-(3-[2-ethylhexyl]thiophen-2-yl)phenyl]amine 2.38 (1.16 gm, 1.40 mmol), benzothiadiazole 
2.16 (1.50 gm, 5.22 mmol), pivalic acid (257 mg, 2.52 mmol), triphenylphosphine (165 mg, 0.63 
mmol) and potassium carbonate (1.93 gm, 13.9 mmol) were added to a schlenk flask and dried under 
high vac for 1 h at 40 oC. Anhydrous dimethylformamide (7.5 mL) was injected at room temperature 
and the solution sparged with argon for 10 min. Palladium acetate (45 mg, 0.20 mmol) was added 
under argon and the solution heated at 100 oC overnight. An additional portion of catalyst (20 mg, 
0.09 mmol) was added under argon due to incomplete conversion of the starting material, and heated 
at 100 oC for a further 4 h.  The crude reaction mixture was cooled to room temperature before passing 
through a silica plug with dichloromethane. The solvent was concentrated, and crude material purified 
over silica via gradient elution (dichloromethane:ethyl acetate 100:0 to 95:5). The acetal product was 
dissolved in tetrahydrofuran (100 mL), with dropwise addition of hydrochloric acid (conc. 3mL) 
stirring at 40 oC until complete deprotection was achieved, monitoring via TLC. The solution was 
poured into a sodium bicarbonate solution (sat. 150 mL) and extracted with dichloromethane (3 x 200 
mL). The combined organic fractions were washed with water (100 mL), dried over anhydrous 
sodium sulfate and solvent removed in vacuo to produce 2.39 as a dark red solid (1.13 gm, 0.86 mmol, 
61%). 1H NMR (300 MHz, CDCl3, δ ppm) 0.82 – 0.88 (18H, m, CH3), 1.26 – 1.37 (24H, m, CH2), 
1.65 – 1.74 (3H, m, CH), 2.75 – 2.77 (6H, m, CH2), 7.27 and 7.50 (12H, AA’BB’, PhH), 8.00 (3H, 
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d, J = 7.5 Hz, BTH), 8.19 (3H, s, ThH), 8.24 (3H, d, J = 7.5 Hz, BTH), 10.74 (3H, s, Ald H). 13C 
NMR (400 MHz, CDCl3, δ ppm) 14.13, 22.62, 28.97, 29.23, 30.97, 31.65, 123.44, 124.28, 125.26, 
128.92, 130.15, 132.86, 133.08, 133.16, 135.90, 140.27, 142.60, 146.85, 152.38, 153.84, 188.57. 
λmax (DCM)/nm 330 [log(ε/dm3 mol-1 cm-1) (4.95)] 351sh (4.86), 493 (4.8). IR (solid): ν/cm-1 = 
1685 (C=O). [HRMS-ESI] anal. calcd. for C75H75N7O3S6 [M]
+ = 1313.4250; found 1313.427. Td(5%) 
= 423 °C. Calculated for C75H75N7O3S6 C, 68.51; N, 7.46; H, 5.75; S, 14.63. Found C, 68.43; N, 7.30; 
H, 5.72; S, 14.44. 
2,2',2''-((7,7',7''-(5,5',5''-(nitrilotris(benzene-4,1-diyl))tris(4-(2-ethylhexyl)thiophene-5,2-
diyl))tris(benzo[c][1,2,5]thiadiazole-7,4-diyl))tris(methanylylidene))trimalononitrile  
 (DCV-EtH) 
 
Aldehyde 2.39 (305 mg, 0.23 mmol) and malononitrile (920 mg, 13.9 mmol) were added to anhydrous 
toluene (15 mL) and deoxygenated with argon for 10 minutes. Pyridine (0.3 mL) was added and the 
reaction mixture heated under argon at 60 oC for 1.5 h.  The solution was cooled to room temperature, 
diluted with petroleum ether (30 mL) and product precipitated with ethanol (15 mL). The product 
was collected with a PTFE filter, washing with excess petroleum ether and ethanol to produce DCV-
EtH as a black powder (310 mg, 0.21 mmol, 92 %). 1H NMR (300 MHz, CDCl3 δ ppm) 0.82 – 0.87 
(18H, m, CH3), 1.25 – 1.37 (24H, m, CH2), 1.66 – 1.73 (3H, m, CH), 2.74 – 2.76 (6H, m, CH2), 7.27 
and 7.49 (12H, AA’BB’, PhH), 8.00 (3H, d, J = 8 Hz, BTH), 8.22 (3H, s, ThH), 8.77 (3H, d, J = 8 
Hz, BTH), 8.80 (3H, s, CNH).  13C NMR unable to be collected due to insufficient solubility. λmax 
(DCM)/nm 343 [log(ε/dm3 mol-1 cm-1) (4.78)], 560 (4.77), 476sh (4.62). IR (solid): ν/cm-1 = 2224 
(CN). [HRMS-ESI] anal. calcd. for C84H75N13S6 [M]
+ = 1457.4587; found 1458.4596. Mp = 147 oC.  
Tg =125 ± 1 
oC. Td(5%) 430 °C. Anal. Calcd for C84H75N13S6 : C, 69.15; N, 12.48; H, 5.18; S, 13.19. 
Found C, 68.97; N, 12.39; H, 5.30; S, 12.98. 
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2,2',2''-[(7,7',7''-{5,5',5''-[Nitrilotris(benzene-4,1-diyl)]tris 
 (4-[2-ethylhexyl]thiophene-5,2-diyl)}tris[benzo[c][1,2,5]thiadiazole-7,4-
diyl])tris(methanylylidene)]tri(3-ethylrhodanine)  (Rho-EtH) 
 
Tris[4-(5-{7-[1,3-dioxolan-2-yl]benzo[c][1,2,5]thiadiazol-4-yl}-3-[2-ethylhexyl]thiophen-2-
yl)phenyl]amine  (80 mg, 0.06 mmol) and 3-ethylrhodanine (205 mg, 1.27 mmol) were added to 
anhydrous chloroform (6 mL) and deoxygenated by bubbling argon for 15 min. Piperidine (0.1 mL) 
was added and the reaction mixture heated under argon at 40 oC overnight.  The solution was cooled 
to room temperature, poured onto ethyl acetate (25 mL) and product precipitated by addition of 
ethanol (5 mL). The product was collected with a PTFE filter, washing with excess ethyl acetate and 
ethanol until the filtrate was colourless to produce Rho-EtH as a black powder (65 mg, 0.04 mmol, 
61 %). 1H NMR (300 MHz, CDCl3 δ ppm) 0.83 – 0.87 (18H, m), 1.26 – 1.34 (33H, m), 1.66 – 1.73 
(3H, m, CH), 2.74 – 2.76 (6H, m, CH2), 4.24 (6H, q, J = 7 Hz, RhoCH2), 7.26 and 7.48 (12H, AA’BB’, 
PhH), 7.70 (6H, d, J = 8 Hz, BTH), 7.94 (3H, d, J = 8 Hz, BTH), 8.12 (3H, s, ThH), 8.51 (3H, s, 
RhoH).  13C NMR unable to be collected due to insufficient solubility. λmax (DCM)/nm 350 
[log(ε/dm3 mol-1 cm-1) (4.95)], 385sh (4.88), 536 (5.08). IR (solid): ν/cm-1 = 1131 (C=S), 1235 (C-
N), 1708 (C=O). [HRMS-ESI] anal. calcd. for C90H90N10O3S12 [M+H]
+
 = 1743.3919; found 
1743.3920. Td(5%) = 392 °C. Anal. Calcd for C90H90N10O3S12: C, 61.96; N, 8.03; H, 5.20; S, 22.06. 
Found C, 62.27; N, 7.79; H, 5.25; S, 21.81. 
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3,3',5,5'-Tetrabromo-2,2'-bithiophene (3.2) 
 
A sample of 2,2'-bithiophene  3.1 (25.0 g, 150.4 mmol) was dissolved in a mixture of chloroform 
(200 mL) and acetic acid (88 mL) before cooling in an ice-water bath. Bromine (30.0 mL, 593.9 
mmmol) was added dropwise before bringing the solution to room temperature, followed by heating 
at reflux for 2.5 hr. The solution was cooled to room temperature before diluting with chloroform 
(600 mL) and washed with sodium hydroxide (1M) until pH = 7. The organic fractions were washed 
with water (300 mL), dried over anhydrous magnesium sulfate, filtered, and solvent removed in 
vacuo. The crude material was recrystallised from chloroform/ethanol to produce pale green crystals 
(61.7 gm, 85%). The 1H NMR spectra and TLC retention time were consistent with an authentic 
sample.461  
(3,3'-dibromo-[2,2'-bithiophene]-5,5'-diyl)bis(trimethylsilane) (3.3) 
 
A sample of 3,3',5,5'-tetrabromo-2,2'-bithiophene 3.2 (15.0 g, 31.1 mmol) was dissolved in anhydrous 
tetrahydrofuran (500 mL) in an argon atmosphere and cooled to -90 °C in an ethanol/dry ice bath. n-
Butyllithium in cyclohexane (2.5 M, 27.4 mL) was added dropwise and stirred at -90 °C for 30 min 
before injection of trimethylsilyl chloride (10.3 mL, 81.1 mmol). The reaction was warmed to room 
temperature before addition of water (400 mL) and extracted with diethyl ether (3 x 250 mL). The 
combined organic fractions were dried over anhydrous magnesium sulfate and solvent removed in 
vacuo. The crude material was passed through a silica plug (petroleum ether) before recrystallisation 
from methanol to produce pale yellow crystals (6.85 g, 47 %). The 1H NMR spectra and TLC retention 
time were consistent with an authentic sample.462  
 
2,6-bis(trimethylsilyl)-4H-cyclopenta[1,2-b:5,4-b']dithiophen-4-one  (3.4) 
 
A solution of 3.3 (31 g, 66.2 mmol) was dissolved in anhydrous tetrahydrofuran (250 mL) under 
argon and cooled to -78 °C in a dry ice/acetone bath. n-Butyllithium in cyclohexane (2.5 M, 58.3 
mmol) was added dropwise. Upon completion of addition, the solution was warmed to -30 °C over 1 
hr before the addition of dimethylcarbamoyl chloride (6.7 mL, 72.8 mmol). The solution was warmed 
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to -5 °C before quenching with water (250 mL) to form a bright red solution. The layers were 
separated, and the aqueous layer was extracted with diethyl ether (3 x 100 mL). The combined organic 
fractions were dried over anhydrous magnesium sulfate and the solvent removed in vacuo. The crude 
material was purified over silica using a mixture of petroleum ether:dichloromethane (1:0 to 1:1) to 
produce a red waxy solid (16.8 gm, 76 %). The 1H and 13C NMR spectra match those reported in 
literature.463  
4H-cyclopenta[1,2-b:5,4-b']dithiophen-4-one (3.5) 
 
A sample of 3.4 (16.8 g, 50.1 mmol) was dissolved in chloroform (250 mL). Trifluoroacetic anhydride 
(14 mL, 150 mmol) was added and the solution was stirred for 2 hr until complete deprotection was 
observed via TLC. The solution was poured onto water (250 mL) and organic layer was separated, 
dried over anhydrous magnesium sulfate, filtered, and solvent removed in vacuo. The crude material 
was purified over silica using a mixture of petroleum ether:dichloromethane (1:0 to 1:1) to produce 
dark purple needles (8.4 g, 87 %). The 1H and 13C NMR spectra match those reported in literature.464 
4H-cyclopenta[1,2-b:5,4-b']dithiophene (3.6) 
  
A sample of ketone 3.5 (4.0 g, 20.8 mmol) and potassium hydroxide (466 mg, 8.3 mmol) in ethylene 
glycol (55 mL) was stirred under argon in the dark for 0.5 hr before the slow addition of hydrazine 
hydrate (30 mL). The solution was stirred for 0.5 hr at room temperature before heating at 160 °C for 
12 hr. Once cooled to room temperature, the reaction mixture was poured onto water (300 mL) and 
extracted with diethyl ether (4 x 200 mL). The combined organic fractions were dried over anhydrous 
magnesium sulfate, filtered and solvent removed in vacuo. The residue was purified over silica 
(petroleum ether) ensuring protection from light to produce a colourless oil which crystallised upon 
standing to a produce white solid (3.05 g, 82%). The 1H and 13C NMR spectra match those reported 
in literature.465 
2-(2-methoxyethoxy)ethyl 4-methylbenzenesulfonate  (3.8) 
 
2-(2-methoxyethoxy)ethanol 3.7 (5 g, 41.6 mmol) was dissolved in tetrahydrofuran (15 mL) and 
cooled to 0 °C in an ice/water bath before the addition of sodium hydroxide (2.5 g in 5 mL of water). 
p-Toluenesulfonyl chloride (7.95 g, 41.6 mmol) in tetrahydrofuran (15 mL) was added dropwise and 
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the solution was allowed to warm to room temperature overnight. The solution was poured into water 
(100 mL), and extracted with dichloromethane (3 x 80 mL). The combined organic fractions were 
dried over anhydrous sodium sulfate, filtered, and solvent removed in vacuo to produce glycol 
tosylate 3.8 as a colourless oil (9.25 g, 81 %). The 1H NMR and 13C NMR spectra were consistent 
with reported literature values.466  
1-bromo-2-(2-methoxyethoxy)ethane (3.9) 
 
2-(2-methoxyethoxy)ethyl 4-methylbenzenesulfonate 3.8 (11 g, 40.1 mmol) and lithium bromide (25 
g, 290 mmol) were dissolved in acetone (100 mL) and heated at reflux for 3 hr. The solvent was 
removed in vacuo, and the resulting slurry was suspended in water (100 mL) before extracting with 
dichloromethane (3 x 100 mL). The combined organic extracts were dried with anhydrous magnesium 
sulfate and solvent removed in vacuo. The crude sample was distilled under atmospheric pressure 
(156 °C) to produce 1-bromo-2-(2-methoxyethoxy)ethane 3.9 as a light brown oil (7.1 g, 95%). The 
1H NMR and 13C NMR spectra were consistent with reported literature values.467 
4,4-bis(2-(2-methoxyethoxy)ethyl)-4H-cyclopenta[2,1-b:3,4-b']dithiophene  (3.10) 
 
Cyclopentadithiophene 3.6 (1.0 g, 5.6 mmol), potassium iodide (133 mg, 0.84 mmol), and potassium 
hydroxide (1.45 g, 25.8 mmol) in anhydrous DMSO (7 mL) were stirred under argon in the dark at 
room temperature for 10 min until a deep blue solution was formed. 1-bromo-2-(2-
methoxyethoxy)ethane 3.9 (2.3 mL, 16.8 mmol) was added and the solution was stirred at room 
temperature for 12 hr, ensuring the exclusion of light. The reaction was quenched by addition of water 
(25 mL) and extracted with diethyl ether (4 x 15 mL). The combined organic fractions were washed 
with brine (30 mL), dried with anhydrous magnesium sulfate, filtered and solvent removed in vacuo. 
The crude material was purified over silica using a mixture of petroleum ether:ethyl acetate (1:1) to 
produce a light yellow oil which solidified on standing (1.40 g, 65 %). The 1H NMR and 13C NMR 
spectra were consistent with reported literature values.269 
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7-(4,4-bis(2-(2-methoxyethoxy)ethyl)-4H-cyclopenta[1,2-b:5,4-b']dithiophen-2-
yl)benzo[c][1,2,5]thiadiazole-4-carbaldehyde  (3.12) 
 
Initial attempts to synthesise 3.15 followed procedures as reported in literature.187 
An alternative method to synthesise 3.15 (Scheme 3.3) 
A sample of glycolated cyclopentadithiophene 3.10 (1.0 g, 2.6mmol) was dissolved in anhydrous 
tetrahydrofuran (15 mL) and stored over 4Å molecular sieves for 0.5 hr before transferring to a clean, 
dry flask under argon, and cooling to -78 °C in a dry ice/acetone bath. n-Butyllithium in hexanes (2.5 
M, 1.09 mL) was added dropwise and the solution was stirred for 1 hr before the addition of 2-
isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (0.6 mL, 2.9 mmol). The solution was warmed 
to room temperature over 1 hr before quenching by the addition of water (100 mL), and extracting 
with diethyl ether (6 x 100 mL). The combined organic fractions were dried over anhydrous 
magnesium sulfate and solvents removed in vacuo. The crude material was passed through a plug of 
silica (ethyl acetate) to produce a viscous yellow oil containing boroylated intermediate 3.13 which 
was used without further purification.  
The crude material 3.13 was added to a flask along with aldehyde 2.14 (552 mg, 2.3 mmol) and 
toluene (25 mL) and bubbled with argon for 10 min, before the injection of potassium carbonate (2 
M, 3 mL, deoxygenated). The combined solution was taken through 3 freeze-pump-thaw cycles, 
backfilling with argon. Tetrakis(triphenylphosphine)palladium(0) (125 mg, 0.1 mmol) was added 
under argon and the solution was heated at 110 °C for 12 hr. After cooling to room temperature, the 
reaction was poured onto water (80 mL), extracted with diethyl ether (4 x 100 ml), dried with 
anhydrous magnesium sulfate and solvent removed in vacuo. The crude material was purified over 
silica (diethyl ether) to produce aldehyde 3.12 as a dark purple powder (510 mg, 42 % over two steps 
based on moles of 3.10). The 1H NMR and 13C NMR spectra were consistent with reported literature 
values.187 
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7-(6-iodo-4,4-bis(2-(2-methoxyethoxy)ethyl)-4H-cyclopenta[1,2-b:5,4-b']dithiophen-2-
yl)benzo[c][1,2,5]thiadiazole-4-carbaldehyde  (3.14) 
 
A sample of aldehyde 3.12 (155 mg, 0.3 mmol) was dissolved in anhydrous tetrahydrofuran (30 ml) 
in an argon atmosphere and cooled to -78 °C in a dry ice/acetone bath. Iodine monochloride (1.0 M 
in dichloromethane, 2.8 mL) was added dropwise and kept at -78 °C in the dark for 2 hr before 
quenching with triethyl amine (1 mL). The solution was warmed to room temperature and the solvent 
removed in vacuo. The crude material was purified over silica (ethyl acetate) to produce a dark purple 
solid (145 mg, 78 %). The 1H NMR and 13C NMR spectra were consistent with reported literature 
values.269  
7,7'-(4,4,4',4'-tetrakis(2-(2-methoxyethoxy)ethyl)-4H,4'H-[2,2'-bi(cyclopenta[1,2-b:5,4-
b']dithiophene)]-6,6'-diyl)bis(benzo[c][1,2,5]thiadiazole-4-carbaldehyde)  (Ald) 
 
Iodinated monomer 3.16 (625 mg, 0.9 mmol) was dissolved in anhydrous toluene (25 mL). Freshly 
distilled hexabutyl ditin (0.22 mL, 0.44 mmol) added under argon and the mixture was taken through 
three freeze-pump-thaw cycles, backfilling with argon. Pd(PPh3)2Cl2 (30 mg, 0.04 mmol) was added 
under argon and the solution was heated at 80 °C for 12 hr in the dark. The solvent was removed in 
vacuo and the crude material purified over silica using a mixture of ethyl acetate:methanol (100:0 to 
95:5). The material was suspended in 1 mL of ethyl acetate and petroleum ether (50 mL) was added 
to precipitate Ald as a blue/black solid, with collection via filtration through PTFE (350 mg, 75%). 
The 1H NMR and 13C NMR spectra were consistent with reported literature values.269  
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4-bromo-7-(2,2-dibromovinyl)benzo[c][1,2,5]thiadiazole  (3.18) 
 
A solution of aldehyde 2.14 (600 mg, 2.47 mmol), carbon tetrabromide (1.23 gm, 3.7 mmol) in 
anhydrous dichloromethane (20 mL) was cooled in an ice/water bath. Triphenyl phosphine (1.94 g, 
7.41 mmol) in anhydrous dichloromethane (5 mL) was added dropwise and the reaction was warmed 
to room temperature over 1.5 hr. The reaction mixture was purified over silica with a mixture of 
petroleum ether:dichloromethane (1:0 to 4:1), and subsequently recrystallised from 
dichloromethane:methanol to yield a yellow crystalline solid (580 mg, 59 %). The 1H NMR spectra 
and mass spectrum were consistent with reported literature values.468 
General method for reactions as detailed in Chapter 3 Scheme 3.8, Table 3.2  
 
Tribrominated benzothiadiazole 3.18 and 2-(tri-n-butylstannyl)thiophene was added to a flask with 
anhydrous solvent (0.3 M) and taken through three freeze-pump thaw cycles backfilling with argon 
before the addition of Pd(PPh3)2Cl2 (0.10 eq.) under argon. The solution was heated as per conditions 
listed in Table 3.2. Reactions completed in dimethyl sulfoxide were poured onto water and extracted 
with dichloromethane. The combined organic fractions washed with brine, dried with anhydrous 
magnesium sulfate, filtered, and the solvent removed in vacuo.  Reactions completed in 
tetrahydrofuran were concentrated by removal of solvent in vacuo. The crude material was purified 
over silica in a mixture of petroleum ether:dichloromethane (100:0 to 85:15) to produce products 
3.20E/Z, 3.21, and 3.32. Single crystals of isomers 3.20E and 3.20Z were produced by recrystallisation 
from dichloromethane and methanol with crystal structure determined by diffractometry.   
3.20E: 
1H NMR (500 MHz, CDCl3, δ ppm) 6.94 (1H, dd, J = 5, 4 Hz, ThH), 7.17 (1H, dd, J = 4, 1 
Hz, ThH), 7.24 (1H, dd, J = 8, 1 Hz, BTH), 7.32 (1H, dd, J = 5, 1 Hz, ThH), 7.66 (1H, dd, J = 8, 1 
Hz, BTH) 7.70 (1H, s, CH). Crystal data of 3.20E for chemical formula: C12H6Br2N2S2, M = 390.12, 
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monoclinic, a = 8.326, b = 10.920, c = 14.028Å, cell volume = 1274.800 Å3, space group P 21/c 
(no.14), Z = 4   
3.20Z: 
1H NMR (500 MHz, CDCl3, δ ppm) 7.09 (1H, dd, J = 6, 4 Hz, ThH), 7.40 (1H, dd, J = 5, 1 
Hz, ThH), 7.51 (1H, dd,  J =4, 1 Hz, ThH), 7.92 (1H, d, J = 8 Hz, BTH), 8.07 (1H, s, CH), 8.32 
(1H, dd, J = 8, 1 Hz, BTH). Crystal data of 3.20Z  for chemical formula: C12H6Br2N2S2, M = 390.12, 
triclinic, a = 7.486, b = 9.851, c = 9.905 Å, cell volume = 634.066 Å3, space group P -1 (no.2), Z = 
2 
3.21: 1H NMR (500 MHz, CDCl3, δ ppm) 6.90 (1H, d, J = 8 Hz, BTH), 7.02 (1H, t, J = 5 Hz, ThH), 
7.06 – 7.08 (2H, m, ThH), 7.10 (1H, t, 5 Hz, ThH), 7.33 (1H, dd, J =  5, 1 Hz, ThH), 7.42 (1H, dd, 
J =  5, 1 Hz, ThH), 7.57 (1H, d, J = 8 Hz, BTH), 7.83 (1H, s, CH). 13C NMR (300 MHz, CDCl3, δ 
ppm) 112.28, 121.72, 126.36, 127.06, 127.20, 127.51, 127.71, 127.82, 128.37, 129.08, 131.99, 
132.15, 139.47, 146.90, 153.13, 154.43. [HRMS-ESI] anal. calcd. for C16H9BrN2S3 [M+Na]
+ = 
426.9009; Found 426.9000.  
3.22: 1H NMR (500 MHz, CDCl3, δ ppm) 7.06 (1H, m, ThH), 7.39 (1H, dd, J = 5, 2 Hz, ThH), 7.45 
(1H, dd, J = 4, 2 Hz, ThH), 7.65 (1H, d, J = 8 Hz, BTH), 7.84 (1H, d, J = 8 Hz, BTH).  13C NMR 
(500 MHz, CDCl3, δ ppm) 88.31, 90.12, 114.78, 116.43, 122.30, 127.36, 128.62, 131.99, 132.60, 
133.26, 153.14, 153.92. [HRMS-ESI] anal. calcd. for C12H5BrN2S2 [M+Na]
+ = 342.8975; found: 
342.8970.  
(Dibromomethyl)triphenylphosphonium bromide  (3.23) 
 
A solution of triphenyl phospine (3.16 g, 12.1 mmol) in anhydrous dichloromethane (12 mL) was 
added dropwise (20 min) at room temperature to a solution of carbon tetrabromide (2.0 gm, 6.0 mmol) 
in anhydrous dichloromethane (2.5 mL). After complete addition, the solution was stirred at room 
temperature for 20 min before addition of water (5 ml). The phases were separated and the organic 
phase was dried over anhydrous magnesium sulfate, filtered, and solvent removed in vacuo. The 
yellow residue was recrystallised from methanol and ethyl acetate to produce an off white solid (950 
mg, 31 %). The 1H NMR spectra and mass spectrum were consistent with reported literature values.469 
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7,7'-(4,4,4',4'-tetrakis(2-(2-methoxyethoxy)ethyl)-4H,4'H-[2,2'-bi(cyclopenta[1,2-b:5,4-
b']dithiophene)]-6,6'-diyl)bis(4-(2,2-dibromovinyl)benzo[c][1,2,5]thiadiazole) (vBr)
 
Aldehyde dimer Ald (50 mg, 0.05 mmol), (dibromomethyl)triphenylphosphonium bromide 3.24 (145 
mg, 0.27 mmol) were dissolved in anhydrous 1,4-dioxane (5 ml) in an argon atmosphere. Zinc powder 
(50 mg, 0.76 mmol) added under argon and the mixture was heated at 120 °C for 12 hr before cooling 
to room temperature. The solvent was removed in vacuo and crude material purified over silica 
(washing with dichloromethane, collecting with ethyl acetate:methanol 98:2). The collected material 
was dissolved in a minimum amount of ethyl acetate and precipitated by the addition of petroleum 
ether to produce a dark blue/black solid (42 mg, 65 %). 1H NMR (500 MHz, CDCl3 δ ppm) 2.36-2.46 
(8H, m, CH2), 3.15-3.18 (8H, m, CH2), 3.28 (12H, s, CH3), 3.36-3.39 (16H, m, CH2), 7.14 (2H, s, 
ThH), 7.88 (2H, d, J = 8 Hz, BTH), 8.13 (2H, s, ThH), 8.30 (2H, d, J = 8 Hz, BTH), 8.31 (2H, s, 
CH). 13C NMR spectrum unable to be collected due to low solubility. λmax (DCM)/nm 372 
[log(ε/dm3 mol-1 cm-1)  (4.41)], 479 (4.30), 676 (4.86). IR (solid): ν/cm-1 = 842 (CH=CBr2), 1093 
(C-O-C), 2863 (O-CH3). M.p: 150 °C. Td(5%) = 212 °C. [HRMS-ESI] anal. calcd. for 
C54H54Br4N4O8S6  [M]
+ = 1397.8959, found 1397.9008; [M+Na]+ = 1420.8856, found 1420.8897. 
C54H54Br4N4O8S6 requires C, 46.4; H, 3.9; N, 4.0; S, 13.8. Found: C, 46.5; H, 3.9; N, 3.9; S, 13.7. 
Crystal structure for chemical formula: C54H54Br4N4O8S6, M = 1397.90, triclinic, a = 9.550, b = 
11.010, c = 13.970Å, cell volume = 1373.67 Å3, space group P -1 (no.2), Z = 1.    
4-bromobenzo[c][1,2,5]thiadiazole  (3.26) 
 
Benzothiadiazole (1.36 gm, 10.0 mmol) was dissolved in hydrobromic acid (15 mL, aq. 48 %) at 
room temperature. Bromine (0.47 mL, 9.1 mmol) was added dropwise and the solution was heated to 
150 °C for 4 hr. The reaction was diluted with water (50 mL), and purified by steam distillation, 
followed by recrystallisation from methanol to produce an off white solid (350 mg, 16 %).  The 1H 
NMR and melting point were consistent with those reported in literature.470 
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4-(4,4-bis(2-(2-methoxyethoxy)ethyl)-4H-cyclopenta[1,2-b:5,4-b']dithiophen-2-
yl)benzo[c][1,2,5]thiadiazole  (3.27) 
 
A sample of glycolated cyclopentadithiophene 3.10 (570 mg, 1.49 mmol) was dissolved in anhydrous 
tetrahydrofuran (23 mL) and stored over 4Å molecular sieves for 0.5 hr before transferring to a clean, 
dry flask under argon and cooling to -78 °C in a dry ice/acetone bath. n-Butyllithium in hexanes (2.5 
M, 0.62 mL) was added dropwise and the solution was stirred for 1 hr before the addition of 2-
isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (0.28 mL, 1.78 mmol). The solution was 
warmed to room temperature over 1 hr before quenching by the addition of water (30 mL), and 
extracting with diethyl ether (6 x 50 mL). The combined organic fractions were dried over anhydrous 
magnesium sulfate and solvents removed in vacuo. The crude material was passed through a plug of 
silica (ethyl acetate) to produce a yellow/green oil which was used without further purification.  
The crude material 3.13 was added to a flask along with 3.26 (230 mg, 1.07 mmol) and toluene (10 
mL) and bubbled with argon for 10 min, before the injection of potassium carbonate (2 M, 1 mL, 
deoxygenated). The combined solution was taken through 3 freeze-pump-thaw cycles, backfilling 
with argon. Tetrakis(triphenylphosphine)palladium(0) (60 mg, 0.05 mmol) was added under argon 
and the solution was heated at 110 °C for 12 hr. After cooling to room temperature, the reaction was 
poured onto water (80 mL), extracted with diethyl ether (3 x 80 ml), dried with anhydrous magnesium 
sulfate and solvent removed in vacuo. The crude material was purified over silica (diethyl ether) to 
produce a red powder (280 mg, 36 % over two steps based on moles of 3.10). 1H NMR (500 MHz, 
CDCl3 δ ppm) 2.32-2.43 (4H, m, CH2), 3.05-3.14 (4H, m, CH2), 3.28 (6H, s, CH3), 3.31-3.38 (8H, 
m, CH2), 7.00 (1H, d, J = 5 Hz, ThH), 7.24 (1H, d, J = 5 Hz, ThH), 7.61 (1H, dd, 8, 7 Hz, BTH), 
7.84 (1H, dd, 7, 1 Hz, BTH), 7.87 (1H, dd, 7, 1 Hz, BTH), 8.07 (1H, s, ThH). 13C NMR (500 MHz, 
CDCl3 δ ppm) 37.60, 49.70, 58.95, 67.61, 69.70, 71.77, 119.30, 121.76, 122.42, 123.88, 126.22, 
128.24, 129.72, 138.59, 139.44, 155.60, 157.03, 157.07. Td(5%) = 275 °C. C25H28N2O4S3 requires: C, 
58.11; H, 5.46; N, 5.42. Found: C, 58.00; H, 5.81; N, 5.25. [HRMS-ESI] anal. calcd. for 
C25H28N2O4S3 [M+H]
+ = 517.1284 , found 517.1273; [M+Na]+ = 539.1103, found 539.1099.  
4-(6-iodo-4,4-bis(2-(2-methoxyethoxy)ethyl)-4H-cyclopenta[1,2-b:5,4-b']dithiophen-2-
yl)benzo[c][1,2,5]thiadiazole  (3.28) 
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A sample of 3.27 (230 mg, 0.45 mmol) was dissolved in anhydrous tetrahydrofuran (30 ml) in an 
argon atmosphere and cooled to -78 °C in a dry ice/acetone bath. Iodine monochloride (1.0 M in 
dichloromethane, 4.5 mL) was added dropwise and kept at -78 °C in the dark for 1 hr before 
quenching with triethyl amine (3 mL). The solution was warmed to room temperature and the solvent 
removed in vacuo. The crude material was purified over silica (diethyl ether) to produce an orange/red 
solid (215 mg, 75 %). 1H NMR (500 MHz, CDCl3 δ ppm) 2.29-2.38 (4H, m, CH2), 3.05-3.15 (4H, m, 
CH2), 3.29 (6H, s, CH3), 3.30-3.38 (8H, m, CH2), 7.21 (1H, s, ThH), 7.61 (1H, dd, J = 8, 7 Hz, BTH), 
7.84 (1H, dd, J =7 Hz, BTH), 7.88 (1H, d, J =7 Hz, BTH), 8.04 (1H, s, ThH). Td(5%) = 201 °C. 
C25H27IN2O4S3 requires: C, 46.73; H, 4.24; N, 4.36; S, 14.97. Found: C, 46.73; H, 4.47; N, 4.18; S, 
15.26. [HRMS-ESI] anal. calcd. for C25H27IN2O4S3 [M+H]
+ = 643.0250, found 642.0204; [M+Na]+ 
= 665.0070, found 665.0101.  
4,4'-(4,4,4',4'-tetrakis(2-(2-methoxyethoxy)ethyl)-4H,4'H-[2,2'-bi(cyclopenta[1,2-b:5,4-
b']dithiophene)]-6,6'-diyl)bis(benzo[c][1,2,5]thiadiazole)  (BT) 
  
Iodinated monomer 3.28 (375 mg, 0.58 mmol) was dissolved in anhydrous toluene (6 mL). Freshly 
distilled hexabutylditin (0.14 mL, 0.28 mmol) was added under argon and the mixture was taken 
through three freeze-pump-thaw cycles, backfilling with argon. Pd(PPh3)2Cl2 (20 mg, 0.03 mmol) 
was added under argon and the solution was heated at 90 °C for 12 hr in the dark. The solvent was 
removed in vacuo and the crude material purified over silica via gradient elution with diethyl 
ether:methanol (100:0 to 95:5). The resulting material was dissolved in a mixture of 
dichloromethane:diethyl ether (1:1) and re-precipitated by the addition of petroleum ether (approx. 
10 parts), with collection by filtration through PTFE (150 mg, 52 %). 1H NMR was completed in two 
solvents to enable full characterisation of the target compound due to high levels of aggregation 
causing broadening of the aromatic peaks when dissolved in CD2Cl2, and obstruction of alkyl peaks 
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by residual solvent/water peaks when dissolved in d-DMSO. 1H NMR: (500 MHz, CDCl3 δ ppm) 
2.28-2.38 (8H, m, CH2), 3.14-3.17 (8H, m, CH2), 3.19 (12H, s, CH3), 3.29-3.33 (16H, m, CH2); (500 
MHz, d-DMSO δ ppm) 7.52 (2H, s, ThH), 7.78 (2H, t, J = 7 Hz, BTH), 7.99 (2H, d, J = 9 Hz, BTH), 
8.10 (2H, d, J = 7 Hz, BTH). M.p: 178 – 180 °C. Td(5%) = 388 °C. [HRMS-ESI] anal. calcd. for 
C50H54N4O8S6 [M]
+ = 1030.2260, found 1030.2273. C50H54N4O8S6 requires C, 58.23; H, 5.28; N, 
5.43; S, 18.65. Found: C, 58.34; H, 5.03; N, 5.18; S, 18.62. Crystal structure for chemical formula: 
C50H54N4O8S6, M = 1031.38, triclinic, a = 8.590, b = 9.520, c = 15.750 Å, cell volume = 1225.93 Å
3, 
space group P -1 (no.2), Z = 2 
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